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Kurzfassung 
Die integrierte Optik ermöglicht die Miniaturisierung diskreter photonischer 
oder elektro-optischer (EO) Komponenten und die Kombination dieser 
Bauelemente in komplexen photonischen integrierten Schaltungen (engl. 
photonic integrated circuit, PIC) auf kompakten Mikrochips. Die Silizium-
Photonik (SiP) ist eine sehr attraktive Plattform für die photonische Integration, 
da sie ausgereifte Herstellungsprozesse aus der Mikroelektronik nutzen kann. 
Damit eröffnet die Silizium-Photonik die Möglichkeit zur kostengünstigen 
Massenproduktion von photonischen Chips mit hoher Ausbeute und 
Reproduzierbarkeit. Darüber hinaus erlaubt der große Brechungsindexkontrast 
zwischen dem als Wellenleiterkern dienendem Silizium (Si) und dem als 
Mantelmaterial verwendeten Siliziumdioxid die Herstellung von Wellenleitern 
mit kleinen Querschnitten und kleinen Krümmungsradien, was die 
Integrationsdichte im Vergleich zu anderen Materialplattformen erhöht. Die 
Silizium-Photonik hat jedoch einen entscheidenden Nachteil: Aufgrund seines 
inversionssymmetrischen Kristallgitters besitzt Silizium keine Nichtlinearität 
zweiter Ordnung. Folglich sind Bauelemente wie optische Frequenzkonverter, 
optische Logikgatter, verschränkte Photonenquellen und vor allem elektro-
optische Modulatoren, welche auf dem Pockels-Effekt basieren, auf der SiP-
Plattform nicht ohne Weiteres realisierbar. Die hybride Integration von Silzium-
Nanowellenleitern mit anderen Materialien, die eine Nichtlinearität zweiter 
Ordnung aufweisen, ist daher für die Erweiterung des Portfolios von SiP-
Bauelementen von entscheidender Bedeutung. In dieser Arbeit werden zwei 
Ansätze für die hybride Integration in SiP-Schaltungen untersucht.   

Der erste Ansatz stütz sich auf hocheffiziente organische EO Materialien, die 
mit siliziumphotonischen Wellenleiterstrukturen in einem Back-End-of-Line-
Prozess kombiniert werden, um sogenannte Silicon-Organic Hybrid (SOH) EO 
Modulatoren zu realisieren. In dieser Arbeit werden SOH-Modulatoren 
demonstriert, die neue Rekorde in Bezug auf Modulationseffizienz, optische 
Einfügungsdämpfung und demonstrierte Datenrate definieren. Darüber hinaus 
wird die thermische Langzeitstabilität dieser Bauelemente bei 85 °C validiert.  
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Der zweite Ansatz beruht auf neuartigen anorganischen Nanolaminat-
Dünnfilmen, die durch Atomlagenabscheidung (ALD) gewachsen werden. 
Aufgrund des frühen Forschungsstadiums wurden diese Materialien nicht direkt 
auf SiP-Chips, sondern auf Glassubstraten gewachsen und durch die Erzeugung 
der zweiten Harmonischen (SHG) charakterisiert. In dieser Arbeit werden 
SHG-Charakterisierungstechniken für Nanolaminate untersucht und ein neues 
Nanolaminat vorgestellt. Perspektivisch könnte ALD allerdings auch für die 
Beschichtung von SiP-Chips verwendet werden. Das konforme ALD-
Wachstum bietet sich hierbei an, um präzise definierte Schichtfolgen auch auf 
komplexen Wellenleiterstrukturen mit hoher Reproduzierbarkeit abzuscheiden.   

Diese beiden Ansätze werden in der vorliegenden Arbeit näher beschrieben.  

Kapitel 1 gibt eine Einführung in die integrierte Optik und erläutert die 
Notwendigkeit der Hybridintegration von optisch-nichtlinearen Materialien 
zweiter Ordnung in SiP-Schaltungen. 

Kapitel 2 fasst den theoretischen Hintergrund, führt die für diese Arbeit 
relevanten Aspekte der nichtlinearen Optik ein und gibt einen Überblick über 
verschiedene Klassen von nichtlinearen Materialien zweiter Ordnung. Darüber 
hinaus wird der Stand der Technik von Mach-Zehnder-Modulatoren auf der 
SiP-Plattform vorgestellt.  

In Kapitel 3 wird die sehr hohe Modulationseffizienz von SOH-Modulatoren 
demonstriert. Dabei wird ein Mach-Zehnder-Modulator diskutiert, bei dem das 
Produkt aus π-Spannung und Länge nur 0,32 Vmm beträgt. Im Vergleich zu 
modernsten SiP-Modulatoren stellt dieser Wert eine Verbesserung um mehr als 
eine Größenordnung dar. Diese hohe Effizienz ermöglicht eine optische 
Signalerzeugung mit einer Datenrate von 40 Gbit/s unter Verwendung sehr 
kleiner Peak-to-Peak Treiberspannungen von nur 140 mVpp. 

Kapitel 4 stellt einen kompakten SOH-Modulator mit einer optischen 
Dämpfung des Phasenschiebers von unter 1 dB vor – dies entspricht dem 
niedrigsten Wert der jemals für einen ultra-schnellen SiP-Modulator 
veröffentlicht wurde. Der Nutzen dieses Bauteils für schnelle und effiziente 
optische Datenübertragung wird in einem Experiment demonstriert, bei dem 
vierstufige Pulsamplitudenmodulations-Signale (PAM4) bei 100 GBd erzeugt 
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werden. Die hierfür verwendeten Treiberspannungen sind kompatibel mit 
typischen Spannungspegeln, die von energieeffizienten und hochgradig 
skalierbaren Complementary Metal-Oxide-Semiconductor-(CMOS)Bauteilen 
erzeugt werden können.  

Kapitel 5 demonstriert die thermische Langzeitstabilität von SOH-Modulatoren 
gemäß den Telcordia-Normen für die Lagerung bei hohen Temperaturen. Die 
Bauelemente werden bei 85 °C für insgesamt 2700 h gelagert, und es zeigt sich, 
dass die π-Spannung nach einem schnellen anfänglichen Anstieg auf ein 
konstantes langzeitstabiles Niveau konvergiert. Weiterhin wird gezeigt, dass die 
Lagerung bei 85 °C keinen negativen Einfluss auf die Leistungsfähigkeit der 
Bauteile bezüglich der optischen Datenübertragung hat. Dazu wurde eine 
optische Datenübertragung mit einem SOH-Bauteil durchgeführt, das zuvor für 
2700 h bei 85 °C gelagert wurde. Mit dieser Demonstration wird eines der 
letzten verbleibenden Hindernisse auf dem Weg zum technischen Einsatz von 
SOH-Bauteilen adressiert: Die Stabilität der zugrundeliegenden organischen 
Materialien.  

In Kapitel 6 werden zwei verschiedene Techniken zur Messung von SHG von 
anorganischen Nanolaminaten und zur Bestimmung der zugehörigen Elemente 
des χ(2)-Tensors untersucht. Die Vor- und Nachteile der beiden Methoden 
werden verglichen und die Quellen für Messfehler identifiziert.  

Kapitel 7 stellt ein neuartiges binäres Nanolaminatmaterial vor, das auf 
abwechselnden Schichten aus Zinkoxid und Aluminiumoxid basiert. Die 
ermittelte Nichtlinearität zweiter Ordnung ist mehr als dreimal so groß wie bei 
zuvor veröffentlichten ternären Nanolaminaten.  

Kapitel 8 fasst die Themen dieser Arbeit zusammen und gibt einen Ausblick auf 
zukünftige Arbeiten zu SOH-Modulatoren und Nanolaminat-Dünnfilmen.  
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Preface 
Integrated optics enables the miniaturization of conventional discrete photonic 
or electro-optic (EO) components and the combination of these devices in 
advanced photonic integrated circuits (PIC) on compact micro-chips. Silicon 
photonics (SiP), in particular, is a highly attractive platform for photonic 
integration because it can use mature manufacturing processes developed for 
silicon (Si) microelectronics. Thus, SiP opens up the possibility for cost-
effective mass production of photonic chips with high yield and reproducibility. 
Furthermore, the large refractive index contrast between Si waveguide cores 
and the silicon-dioxide cladding allows fabricating  nanophotonic waveguides 
with small cross sections and small bending radii, thereby increasing integration 
density as compared to other material platforms. However, silicon photonics 
has a distinct drawback: Due to its inversion symmetric crystal lattice, 
unstrained Si does not have any second-order nonlinearity. Consequently, 
devices like optical frequency converters, all-optical logic gates, entangled 
photon sources, and most importantly Pockels-type electro-optic (EO) 
modulators are challenging to realize in Si. Hybrid integration of materials 
featuring a second-order nonlinearity is hence instrumental for expanding the 
portfolio of SiP devices. In this work, two material approaches to hybrid 
integration in SiP circuits are investigated:  

The first approach relies on highly efficient organic EO materials, which are 
combined with standard SiP chips in a back-end-of-line process to realize so-
called silicon-organic hybrid (SOH) EO modulators. In this thesis, SOH devices 
are realized, which define new records in terms of modulation efficiency, 
optical insertion loss, and demonstrated data rate. Furthermore, long-term 
thermal stability of SOH devices at 85 ° is shown.  

The second approach exploits novel inorganic nanolaminate thin-films grown 
by atomic layer deposition (ALD). Due to the early stage of research, these 
materials have not yet been grown directly on SiP chips but on glass substrates, 
and the performance is tested by second-harmonic generation (SHG). In this 
thesis, SHG characterization techniques for nanolaminates are investigated and 
a new nanolaminate is presented. In the future, ALD could also be used for the 
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coating of SiP chips. The conformal ALD growth would lend itself to coating 
of advanced modulator geometries, which are, e.g., based on Si-slot 
waveguides.  

These approaches are described in more detail in the following chapters.  

Chapter 1 gives an introduction to integrated optics and elaborates the need for 
hybrid integration of second-order nonlinear materials in SiP circuits. 

Chapter 2 summarizes the theoretical background of nonlinear optics as 
relevant to this work and gives an overview of various classes of second-order 
nonlinear materials. In addition, state-of-the-art SiP Mach-Zehnder modulators 
are reviewed.  

Chapter 3 demonstrates ultra-high in-device EO activity in an SOH Mach-
Zehnder modulator. The device has a π-voltage-length product of only 
0.32 Vmm, outperforming standard SiP modulators by more than an order of 
magnitude. The high modulation efficiency allows signalling at 40 Gbit/s using 
small peak-to-peak drive voltages of only 140 mVpp. 

Chapter 4 introduces a compact SOH modulator with sub-1 dB optical phase-
shifter loss. This is the lowest value ever reported for a high-speed SiP 
modulator. The high-speed performance of the device is demonstrated by 
generating 4-level-pulse-amplitude-modulation-(PAM4-)signals at 100 GBd 
using complementary-metal-oxide-semiconductor-(CMOS-)compatible drive 
voltages.  

Chapter 5 demonstrates long-term thermal stability of SOH modulators 
according to Telcordia standards for high-temperature storage. The devices are 
stored at 85 °C for 2700 h, and we find that the π-voltage converges to a 
constant long-term stable level after a rapid initial increase. High-speed 
signalling at 40 Gbit/s is demonstrated using a device which was stored for 
2700 h at 85 °C. This demonstration addresses one of the last remaining 
obstacles on the way to industrial use of SOH components: The stability of the 
underlying organic materials. 

Chapter 6 investigates two different techniques to measure SHG from inorganic 
nanolaminates and to determine the associated elements of the χ(2) tensor. The 
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advantages and disadvantages of the two methods are compared and the sources 
for measurement errors are identified.  

Chapter 7 introduces a novel binary nanolaminate material based on alternating 
layers of zinc oxide and aluminium oxide. The determined second-order 
nonlinearity is more than three times larger than for previously published 
ternary nanolaminates.  

Chapter 8 summarizes the topics of this thesis and gives an outlook for future 
work on SOH modulators and nanolaminate thin-films.  
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Achievements of the present work 
In this thesis, we investigate two approaches to implement second-order 
nonlinearities on the silicon photonic (SiP) platform:  

The first approach relies on the concept of silicon-organic hybrid (SOH) 
integration, which is mainly used to realize high-speed low-power electro-optic 
(EO) modulators. In this work, the performance of SOH Mach-Zehnder 
modulators (MZM) is improved to new record values in terms of EO activity, 
modulation efficiency, optical insertion loss, and achieved data rates. 
Furthermore, systematic reliability tests are performed, which represents an 
important step towards large-scale industrial application of SOH devices.  

The second approach is based on thin-film nanolaminates grown by atomic 
layer deposition. A detailed comparison of two measurement techniques to 
determine the nonlinearity of these thin-films is presented. Furthermore a novel 
nanolaminate with best in-class nonlinearity is realized.  

The key achievements of this work cover the following aspects:   

Demonstration of record-high in-device EO activity for a high-speed 
Pockels-type modulator: The highly efficient organic EO material JRD1 is 
implemented in SOH modulators, and the poling conditions of the material are 
optimized. We realize an EO figure of merit of n3r33 = 2300 pm/V, 
corresponding to an estimated electro-optic coefficient of r33 = 390 pm/V, 
which is the highest value ever reported for a high-speed modulator based on 
the Pockels effect.  

Demonstration of the lowest π-voltage-length product for a modulator 
based on low-loss waveguides: Based on organic materials with highest EO 
activity, SOH modulators with a record-low π-voltage-length product of 
UπL = 0.32 Vmm are realized. As compared to UπL of standard SiP modulators 
this value represents an improvement by an order of magnitude and is 
furthermore the lowest value ever reported for a modulator based on low-loss 
dielectric waveguides. The high modulation efficiency enables on-off keying 
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(OOK) signaling at 40 GBd using peak-to-peak drive voltages of only 
140 mVpp.  

Demonstration of compact low-loss SOH modulators: The high modulation 
efficiency of SOH modulators is exploited to realize SOH phase shifters with a 
length of only 280 µm without unduly increasing the π-voltage. The devices 
have a phase shifter insertion loss of only 0.7 dB, which is the lowest value ever 
reported for a high-speed SiP modulator. The low loss makes SOH MZM not 
only attractive for conventional optical communications, but also for emerging 
applications in the fields of quantum optics. 

Highest line rate achieved with a sub-millimeter long SiP MZM: We use an 
SOH MZM with 280 µm long phase shifters to generate line rates up to 
200 Gbit/s by using PAM4 signaling. This represents the highest line rate ever 
reported for a SiP MZM shorter than 1 mm. To drive the device, we use CMOS-
compatible voltage levels.  

First demonstration of long-term thermally stable SOH modulators: We 
integrate a side-chain EO polymer with a high glass-transition temperature in 
SOH modulators and perform systematic storage experiments at 85 °C 
according to Telcordia standards. The devices show a stable π-voltage after 
storage at 85 °C for thousands of hours. This is a major breakthrough towards 
the industrial adoption of SOH modulators. 

Systematic comparison of two measurement techniques for second-
harmonic generation (SHG) from thin nonlinear films: We compare two 
measurement techniques, which were recently developed to determine the 
second-order nonlinearity of nanolaminates. The techniques rely both on SHG 
and feature distinct advantages and disadvantages. These differences are 
investigated in detail, and the main sources of measurement errors are 
identified, which provides helpful guidance for researchers in the field on thin 
nonlinear films.  

Highest nonlinearity in a nanolaminate material grown by atomic layer 
deposition (ALD): We use ALD to grow a novel binary nanolaminate based on 
alternating layers of zinc oxide (ZnO) and aluminum oxide (Al2O3). The 
intermediate Al2O3 layers ensure a well-defined orientation of the ZnO 
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crystallites. This is essential for the comparatively high nonlinearity, which is 
three times larger than for previously demonstrated ternary nanolaminates.  
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1 Introduction: Silicon photonics and 
the need for hybrid integration  

Over the last 25 years fiber-optic communications had an enormous impact on 
our everyday life: Access to information has become ubiquitous, and the amount 
of shared information continues to grow exponentially – with transformative 
impact on the way we live, work, and learn. Photonic integrated circuits (PIC) 
made a major contribution to the technological foundation of these 
transformation processes: Combining a multitude of distinct photonic or 
optoelectronic components on a compact chip, PIC offer unprecedented 
functionalities and performance in transmission, reception, and processing of 
optical data signals and are thus key to powerful information and 
communication infrastructures. In principle, photonic integration leverages 
similar advantages as integrated microelectronics: Integrated components are 
realized at a fraction of the size of their discrete counterparts, which enables 
dense integration, power-efficient operation, and low-cost mass production by 
advanced wafer-scale processes. Conventionally, indium phosphide (InP) has 
been the best-established material platform for PIC. The portfolio of available 
integrated components ranges from passive waveguides to power splitters and 
electro-optic (EO) modulators, which are used to encode information on an 
optical carrier [1,2]. Furthermore, the direct bandgap of InP allows monolithic 
fabrication of laser sources, semiconductor optical amplifiers (SOA), and 
photodetectors. However, the material is mechanically rather fragile and the 
wafer diameters are currently limited to only (50…100) mm [3,4]. Furthermore, 
InP waveguides are grown by epitaxy, which is prone to form defects, 
dramatically reducing the yield. When additionally taking into account that 
indium is a rare material, it becomes apparent that InP-based PIC are quite 
expensive. This deficiency can be overcome by silicon photonics (SiP). This 
technology can rely on high-yield fabrication processes with tight process 
control, which were established by the Si microelectronic industry. In addition, 
the existing infrastructure of CMOS-foundries with outdated technology nodes 
can be reused. This enables fabrication of SiP PIC on wafers with diameters up 
to 300 mm [5], which allows for cost-efficient mass production. Furthermore, 
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Si offers a high index contrast with respect to its oxide. This allows for small 
waveguide cross sections with tight bends, thereby enabling compact SiP chips 
with high integration density.  

However, Si as a platform for photonic integration has two major drawbacks: 
First, its indirect bandgap prohibits efficient light emission, which is key to 
lasers and optical amplifiers. Second, due to its inversion-symmetric crystal 
lattice, unstrained bulk Si does not exhibit any second-order nonlinearity [6]. 
As a consequence, devices such as optical parametric amplifiers, ultra-fast 
optical gates, sources for entangled photons used in quantum optics, and most 
importantly EO modulators based on the Pockels-effect are not available in Si. 
Pockels-effect modulators are particularly attractive for applications in the field 
of optical communications as these devices provide pure phase modulation at 
high operation speed. Conventional SiP modulators are based on the free-carrier 
plasma-dispersion effect [7], where a modulation of the refractive index is 
induced by varying the concentration of free carriers. However, the free-carrier 
density affects also the optical attenuation, which results in amplitude-phase 
coupling and chirp of the modulated optical signal. Furthermore, all-Si 
modulators are subject to fundamental trade-offs, which makes it challenging 
to realize devices that simultaneously exhibit high energy efficiency, low 
optical insertion loss, and high-speed operation [8]. A way to circumvent these 
trade-offs is the hybrid co-integration of second-order nonlinear materials in SiP 
circuits. Lithium niobate (LiNbO3) is a popular candidate for hybrid integration 
due to its widespread industrial acceptance and its enormous commercial 
success in discrete EO modulators. However, current concepts to integrate 
LiNbO3 into SiP circuits either deviate strongly from established SiP fabrication 
process flows [9–12], or the performance of the hybrid SiP devices [13] does 
not exceed the one of standard all-Si modulators. An attractive alternative is 
barium titanate (BaTiO3), which offers a much larger EO coefficient. However, 
growing this material still requires rather complex processes, which are 
currently limited to fabrication of rather simple SiP phase shifter structures with 
limited modulation efficiency [14]. In contrast to this, organic EO (OEO) 
materials with optimized EO properties can be integrated in advanced SiP phase 
shifter structures based on Si slot waveguides. The OEO material can be applied 
to the SiP chip in a back-end-of-line process, which requires only a minimum 
adaption of established SiP fabrication steps. The resulting silicon-organic 
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hybrid (SOH) modulators outperform standard SiP modulators in terms of 
energy efficiency and achieved data rates [15–18].  

In this thesis, the performance of SOH Mach-Zehnder modulators (MZM) is 
further improved, leading to experimental demonstrations of several record-
high parameters. In Chapter 3, we integrate a highly efficient OEO material in 
an SOH MZM and demonstrate the highest in-device EO activity for a high-
speed Pockels-type modulator. This results in π-voltage-length products of only 
0.32 Vmm, which represents the lowest value ever reported for a modulator 
based on low-loss dielectric waveguides. The high modulation efficiency allows 
driving the modulator with peak-to-peak voltages of only 140 mVpp at symbol 
rates of 40 GBd. Besides modulation efficiency, an essential requirement for 
EO modulators is low optical insertion loss. While standard SiP modulators 
suffer from an inherent trade-off between modulation efficiency and optical 
loss, we show that SOH MZM can overcome this problem: In Chapter 4, we 
realize compact devices with phase-shifter lengths of 280 µm and low optical 
insertion loss of only 0.7 dB, which is the lowest value ever reported for a high-
speed SiP modulator. We further demonstrate the high-speed performance of 
the device and show PAM4 signaling at 100 GBd, resulting in line rates of 
200 Gbit/s, the highest value ever reported for a SiP modulator smaller than 
1 mm. Despite these record performance parameters, SOH modulators are not 
yet used in commercial applications. The main reason for that is the alleged lack 
of stability of the organic materials, e.g., with respect to elevated temperatures. 
This topic is addressed in Chapter 5: In the presented work, we follow Telcordia 
testing protocols and investigate the impact of high-temperature storage at 
85 °C on SOH MZM which are clad by an EO polymer with high glass-
transition temperature. We find that the devices remain stable after an initial 
burn-in period. This underlines the potential of SOH EO modulators for 
industrial applications.  

An additional challenge for SOH MZM is photo-oxidation of the organic 
material [19,20], which could potentially require a hermetic package of the 
device to exclude oxygen. An inorganic and thus inherently photo-chemically 
stable EO material, which, in addition, is compatible with standard SiP process 
flows, would thus be highly desirable. In Chapters 6 and 7, we therefore also 
investigate novel nanolaminate materials based on metal oxides [21,22]. These 
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nanolaminates are grown by atomic layer deposition (ALD) and can be applied 
to the SiP chips as a thin coating. Furthermore, the ALD growth is conformal 
such that the material could potentially be implemented in advanced phase-
shifter structures based on slot waveguides. However, these materials are still 
in an early research stage, requiring iterative approaches to optimize growth 
parameters. For efficient experimental investigations, the materials are 
therefore not grown on SiP chips, but on cheap glass substrates, and the 
associated second-order nonlinearity is characterized by second-harmonic 
generation (SHG). In Chapter 6, we compare two SHG measurement 
methodologies, which were particularly developed to measure the nonlinearity 
of nanolaminates [21,22]. We discuss the differences of the techniques and 
specify criteria which help to decide which method is better suited for specific 
nanolaminates. In Chapter 7, we introduce a novel binary nanolaminate based 
on the two constituents zinc oxide (ZnO) and aluminum oxide (Al2O3). By 
adapting the thickness of the individual layers, we tailor the orientation and the 
size of ZnO crystallites, and we achieve a nonlinearity which is three times 
larger than that achieved for previous nanolaminates.  



 

5 

2 Theoretical and technological 
background 

This chapter summarizes the theoretical background, which is essential to 
understand the present work. This includes the relevant background in the field 
of nonlinear optics, as well as an overview of second-order nonlinear optical 
materials, ranging from traditional single-crystalline materials over thin-film 
materials grown by atomic layer deposition to organic materials. Finally, the 
state of the art of electro-optic (EO) modulators realized on the silicon photonic 
(SiP) platform is briefly discussed. 

2.1 Fundamentals of nonlinear optics 

In this section, basic physical relations of nonlinear optics are summarized. The 
structure and nomenclature loosely follows the textbook Nonlinear Optics of E. 
G. Sauter [23]. 

2.1.1 Nonlinear electric polarization 

During the propagation of light in a medium, the electric field strength E


 of the 
light field excites electric dipoles leading to a polarization 



  of the medium. 
Linear optics describes the regime in which the electric-field dependence of the 
polarization can be described by a linear relationship. However, this linear 
relation is merely an approximation for small electric field strengths. In general, 
also higher order terms which depend nonlinearly on the electric field, 
contribute to the overall polarization of the medium. We can thus write  

(1) (2)
...

  

+= +   , (2.1) 

where 
(1)

  denotes the linear polarization that depends linearly on the electric 
field  E



 and 
(2)

  denotes the second-order nonlinear polarization where the 
electric field E



 enters quadratically. All higher-order contributions are 
neglected within the scope of this thesis. In the following, we give an explicit 



2  Theoretical and technological background 

6 

expression for the vector components {1,2,3}i ∈  of the polarization (  , )x t




  at 
location x  and time t of a medium which is time-invariant, local in space and 
homogeneous. (  , )x t





  takes the form of a Volterra series where the input is 
given by the electric field ( , )tE x



  and the Volterra kernels are given by the linear 
and second-order nonlinear response functions of the medium (1)

1( )ijχ τ  and 
(2)

1 2( ),ijkχ τ τ  with {1,2,3}, ,i j k ∈ . These quantities are tensors of the rank 2 and 
3, respectively. Using Einstein notation, we find   

1
(1)

(2)

0 1

0 1 22 1 2 1

( , ) ( ) ( , )

( , ) ( , ) ( , .)

ij

kij

j

k

i

j

t d E t

d d E t E t

x x

x x

 

 

τ χ τ τ

τ τ χ τ τ τ τ

∞

∞
∞ ∞

∞ ∞

−

− −

= −

+ − −

∫

∫ ∫

 



 (2.2) 

Here, 0  is the vacuum permittivity and 1,2τ  are time integration variables. The 
first term on the right-hand side of Eq.(2.2) corresponds to the linear 
polarization 

(1)
( , )x t





 , and the second term describes the second-order 
nonlinear polarization 

(2)
( , )x t





 . Note that the orientation of the coordinate 
system, which defines the directions associated with the indices  {1,2,3},, ,i j k ∈
is typically chosen such that (2)

ijkχ  takes a simple form. For uniaxial crystals, e.g., 
the 3-axis is typically chosen to coincide with the optic axis of the crystal.   

In the following, we take a closer look at the second-order nonlinear 
polarization 

(2)
( , )x t





 . Compared to Eq. (2.2), a much simpler form of this 
expression is found if we assume that the electric field ( , )E x t





 of the optical 
wave can be represented as a superposition of monochromatic waves with S 
different frequencies ωs and corresponding complex time domain amplitudes 

( , )sE x


 ω  given by 

j

1

1( , ) ( , )e c.c. .
2

s
S

s

t
sE x t E x

 

  ωω
=

 
= + 

 
∑  (2.3) 

The term c.c. denotes the complex conjugate of the first expression and ensures 
that the electric field ( , )E x t



  is a real quantity.  Using the notation 
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0

( , ) ( , )

0
s

s s

s

E x E x
 

 ω ω
ω ω
ω

∗

− = −

=

=

−
, (2.4) 

Eq. (2.3) can be further simplified to  

j
0

1( , ) (1 ) ( , )e
2

s
S

s
s

t
s

S
E x t E x
 

  ωδ ω
=−

= +∑ , (2.5) 

where we have introduced the Kronecker delta defined by  

1 for
0 forij

i j
i j

δ
=

=  ≠
. (2.6) 

The correction factor 0(1 )sδ+  doubles the complex amplitude for the zero-
frequency component, which avoids a situation in which a DC electric field is 
associated with an amplitude of 0( , ) / 2E x



 ω . Substituting Eq. (2.5) in Eq. (2.2)
we find for the second-order nonlinear polarization  

1 2 1 2
1 2

1 2
1 2

(2) (2)
0

,

j

0

(

0

)

1( , ) (1 )(1 ) ( )
4

( , ) ( , )

: ,

e s s

s s

t

S

i s s ijk
s s S

j s sk

x t

E x E x



  ω ω

δ δ χ ω ω ω

ω ω

Σ

+

=−
= + +

×

∑ 
, (2.7) 

where 
1 2

(2) ,( ): s sχ ω ω ωΣ  corresponds to the two-dimensional Fourier 
transform of (2)

1 2( ),χ τ τ  given by  

1 21 2
1 2

j j(2) (2)
1 2 1 2( ) .: , ( , )e e d ds s

s s
ω τ ω τχ ω ω ω χ τ τ τ τ

∞ ∞
− −

−
Σ

∞ −∞

= ∫ ∫  
(2.8) 

Here, ωΣ  corresponds to the sum frequency 
1 2s sω ω ωΣ = +  at which the 

polarization oscillates. Similar to Eq. (2.5), the polarization 
(2)

  can be 
expressed as a sum of monochromatic waves with R distinct frequencies rω  
and corresponding complex time-domain amplitudes  

(2) (2) j
0

1( , ) (1 ) ( , )e .
2

rt
r

R

r
r R

x t x
 

  ωδ ω
=−

= +∑   
(2.9) 
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Comparing this expression with Eq. (2.7), a relation between amplitudes of the 
electric field at frequencies 

1sω  and 
2sω  and amplitudes of the second-order 

nonlinear polarization at frequency 
1 2r s sω ω ω= +  can be found [23] 

1 2
1 2 1 2

0

( )

0(2) (2)
0

0

(1 )(1 )
( , ) ( : ) ( , ) ( , )

(1
,

)
1 ,
2

r

s s
j kr rijk s s si

r
sx E x E x  

ω

δ δ
ω χ ω ω ω ω ω

δ
+ +

=
+∑ 



(2.10) 

where the quantity )( rω  indicates a summation over all permutations of 
frequencies 

1 2
, ssω ω  which amount in sum to rω . 

Equation (2.9)  indicates that the nonlinear polarization 
(2)

( , )x t




  oscillates at 
frequencies rω , which are in general not present in the incoming electric fields. 
This is in strong contrast compared to linear optics and gives rise to numerous 
interesting effects, which are discussed in Section 2.1.2. 

Note that in the following the space-dependence of the complex time domain 
amplitudes is often omitted for the sake of readability.  

Symmetry properties of the second-order nonlinear susceptibility 

The second-order susceptibility 
1 2

(2) ,( ): s sχ ω ω ωΣ  is a tensor of rank 3 
resulting in 33 = 27 tensor elements. However, for a given material, the number 
of independent and non-vanishing elements may be significantly reduced due 
to symmetry properties of the underlying crystal class, which dictates the 
symmetry properties of the (2)χ -tensor, following Neumann’s principle [24]. 
In fact, for materials which are centrosymmetric, all elements of the (2)χ -tensor 
vanish [6]. As a result, bulk silicon with its centrosymmetric diamond lattice 
lacks a (2)χ  nonlinearity. This absence is the main motivation for hybrid 
integration of second-order nonlinear materials on the silicon-photonic 
platform. The specific form of the (2)χ -tensor for crystal classes without center 
of inversion is found in standard textbooks such as in Ref. [25].  

Amorphous materials such as silica glass do not feature a periodic atomic 
lattice, such that Neumann’s principle cannot be strictly applied. Nonetheless, 
this class of materials does not possess a second-order nonlinearity either. The 
reason for that is the random atomic arrangement in amorphous materials: 
While these materials may, e.g., have a non-vanishing (2)χ  nonlinearity on the 
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microscopic scale, these contributions average to zero on the macroscopic scale 
due to their random orientation, which implies the lack of a preferential 
direction and hence the invariance of the macroscopic properties with respect 
to an inversion operation. 

The finding that centrosymmetric crystals do not possess second-order 
nonlinearity holds true only for bulk materials. At material boundaries, 
however, the inversion symmetry is clearly broken, resulting in a sheet 
nonlinearity at the interface. Similarly, also amorphous materials possess a 
surface nonlinearity at the interface. In both cases, the nonlinear sheet extends 
only over the first few atomic layers in the vicinity of the interface [6]. 
Therefore, the effect of a single interface is quite weak. If many interfaces are 
densely packed, however, an appreciable nonlinearity is achieved. This effect is 
exploited in thin-film nanolaminate materials [21,22,26], which are also 
investigated in Chapter 6. 

2.1.2 Second-order nonlinear effects 

In this part, the second-order nonlinear effects, which are relevant for the 
remainder of this thesis, are briefly discussed.  

Second-harmonic generation 

Second-harmonic generation (SHG) describes the effect of optical frequency 
doubling, which was first observed in 1961 by Franken et al. [27]. The effect is, 
e.g., exploited to realize laser sources in frequency ranges, which are 
technologically challenging to address by ordinary sources. For example, green 
and blue high-power laser sources can be realized by frequency doubling of 
readily available infrared lasers [28,29]. For SHG, Eq. (2.10) reads  

(2) (2)
0

1(2 ) (2 : ) ( ) ( ),
2

, j kijki E Eω χ ω ω ω ω ω=   (2.11) 

where the space-dependence of the field quantities was omitted for the sake of 
readability. 
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Pockels effect 

The Pockels effect, which is also known as the linear EO effect describes the 
modulation of the refractive index by an applied electric field. Most notably, the 
Pockels effect is used to realize EO modulators for optical communications 
systems [30], where a change in refractive index is used to modulate the phase 
of an optical carrier at frequency cω , see Section 2.3. The applied electric field 
may be static or slowly varying with a modulation frequency m cω ω  such 
that we can assume m 0ω =  in this quasi-static case [31].  

For the Pockels effect, Eq. (2.10) simplifies to  
(2) (2)

c 0 c c c( ) 2 ( 0) ( ) (0),: , j kijki E Eω χ ω ω ω=   (2.12) 

where again the space-dependence was omitted for better readability.  

Similar to the electric field and the polarization, the electric displacement field 
0( ) ( ) ( ), , ,D x t E x t x t
 

 





+=    can be also described as a superposition of 
monochromatic waves with complex amplitudes. Using Eq. (2.12) for the 
second-order nonlinear contribution to the polarization, we find for the complex 
amplitude of the displacement field at frequency ωc  

( )(1) (2)
c 0 c c c c c c( ) ( ) ( ) ( ) 2 ( : ,0) ( ) (0) ,i j j jij i jk kj iD E E E Eω δ ω χ ω ω χ ω ω ω+ +=   

(2.13) 
where ijδ  denotes a Kronecker delta as defined in Eq. (2.6). In Eq. (2.13), we 
can identify an effective permittivity, which depends on the applied electric 
field [23] 

(1) (2)
c c c c m m( ) ( ) 2 ( ) ( ).: , kij ij ii jkj Eω δ χ ω χ ω ω ω ω= + +  (2.14) 

It becomes thus apparent that also the refractive index of the medium depends 
on the applied electric field, giving rise to the Pockels effect. Historically, the 
Pockels effect is described in terms of the impermeability tensor ijη , which is 
defined as the inverse of the permittivity 1

ij ijη −=  . We assume in the following 
that ij  is real and symmetric, which is valid if cω  is far away from any material 
resonance [6]. The change of ijη  for an applied electric field with respect to the 
field-free case 0

ijη  is given by [31] 
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c c( ) ( ) (0),kij ijkr Eη ω ω∆ =  (2.15) 

where ijkr  is the EO tensor, which is used to quantify the strength of the 
nonlinearity of a Pockels-type material. The connection between ijkr  and the 
second-order susceptibility tensor (2)

ijkχ  is given by [31,32]  

(2) 2 2
c c c c c ,1( ) ( ) (,0

2
(): )i j ijkijk n n rχ ω ω ω ω ω= −  (2.16) 

where ni and nj denote the refractive indices along the principal axes of the 
indicatrix in the field-free case.  

Note that if ij  is real and symmetric also 10
ij i ij j jiη η η −+ =∆=   is real and 

symmetric. According to Eq. (2.15), ijkr  is thus symmetric in its first two 
indices. As a consequence, the EO tensor is often expressed using a contracted 
notation hkr  where the index h is chosen according to the following rule [6]  

1 for 11
2 for 22
3 for 33
4 for 23 or 32
5 for 13 or 31
6 for 12 or 21

ij
ij
ij

h
ij
ij
ij

=
 =
 =

=  =
 =


=

. (2.17) 

This results in general in 18 tensor components. However, the number of 
independent and non-vanishing components of hkr  is typically significantly 
reduced due to symmetry properties of the medium [6], see Section 2.1.1. 

In general, the application of an electric field induces off-diagonal elements in 
ijη , such that a cumbersome diagonalization may be required to obtain the new 

principal refractive indices of the medium [32]. Organic EO materials are a 
special case in this regard. The EO tensor of these materials is defined by a so-
called poling field along which the EO molecules align, see Section 2.2.2. In 
this case only a single element of the EO tensor dominates. Without loss of 
generality this direction can be chosen to be along the 3 axis, such that the 
component r33 of the EO tensor dominates.  In this case ijη  remains diagonal 
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and the induced change in refractive index along the main principal axis of the 
optical indicatrix is found to be [31]  

3
3 c 3 33 c 3

1( ) ( ) ( ).
2

0En n rω ω∆ = −  (2.18) 

 

2.1.3 Nonlinear wave equation  

The nonlinear wave equation governs the propagation of electro-magnetic 
fields, which are driven by a nonlinear polarization. Solving this equation is 
essential, e.g., for predicting and modelling the optical power of waves with 
newly generated frequencies in frequency mixing applications. For a 
nonmagnetic material, which does not contain free charges, nor free currents, 
the nonlinear wave equation in time domain reads [6] 

2 2 2

NL2 2 2 2
0

( , ) ( , ) ( , ).1E x t E x
c

t x
c

t
t t

n  

  ∂ ∂
∇ × ∇ × + = −

∂ ∂



 (2.19) 

The nonlinear polarization NL( , )x t




  on the right-hand side acts as a source term, 
which may drive electric fields at frequencies that are obtained by mixing the 
respective frequencies of the incoming electric fields. To solve the equation, it 
is again practical to represent the electric field and the nonlinear polarization as 
a superposition of monochromatic waves with complex amplitudes, according 
to Eq. (2.5) and Eq. (2.9). We assume here a stationary case, in which the 
complex time domain amplitudes are time-independent. The wave equation can 
then be sorted in separate differential equations in which the complex time 
domain amplitudes with distinct frequencies ωs are considered individually, 

2 2 2

2 2
0

(( , ) ( , ) ( , ).)s s s
s s sE x En

c c
x x

  

  ω ω ωω ω ω∇ × ∇ × − = 


 (2.20) 

If the involved optical beams propagate in different media, special care is 
required when solving Eq. (2.20) since the boundary conditions for the electric 
fields need to be fulfilled at each material interface. Such a situation arises often 
in frequency mixing experiments, where, e.g., a nonlinear material is deposited 
on an optically linear substrate which is surrounded by air. For this experimental 
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scenario, Herman and Hayden [33] solved Eq. (2.20) for the nonlinear process 
of second harmonic generation, where a pump beam with distinct frequency ω 
is  frequency-doubled, resulting in an outgoing wave at frequency 2ω. The 
authors considered the special case in which the involved media are isotropic 
and both the incoming electric fields as well as the second-harmonic (SH) fields 
are p-polarized, i.e., polarized in the plane of incidence. The solution to this 
problem was generalized to arbitrary polarizations of the incoming electric field 
more recently. The p- and s-polarized SH powers (p/s)

2P ω  in transmission are then 
given by [21] 

( ) ( )
22 2(p) (s) (p/s) (p/s) 2

s-a,2a-f, a-f, f-s,2
(p/s)

2 (spot) 2
0 f,2 f,2

2
(p/s)
eff .

2 sin( ) cos( ) ( )

( cos( ))

2 sin( )

t t t t

d

P
cA n

P

ωω ω ω

ω
ω ω

ω

ϕ ϕ

ε θ

πχ
λ

 + 
 =

Ψ ×  Ψ 

 (2.21) 

Here, the superscripts (p/s) indicate quantities at polarizations of the electric 
field parallel/perpendicular to the plane of incidence. Frequency-dependent 
quantities at the fundamental/SH frequency are indicated by the subscript ω/2ω. 
For example, (p/s)

u-v,2t ω  denotes the standard Fresnel coefficient for transmission 
of the electric field amplitude from medium u to medium v for p/s polarization 
at the SH frequency. The indices u,v ∈ {a,f,s} stand for air, nonlinear film, and 
substrate. The quantity un  denotes the refractive index of medium u ∈ {a,f,s}, 
d is the thickness of the nonlinear material, λ, A(spot), and Pω are the vacuum 
wavelength, the focal spot size of the laser and the power of the fundamental 
pump beam, respectively. The angle φ describes the polarization of the 
fundamental beam where φ = 0° and φ = 90° corresponds to s- and p-
polarization, respectively. The effective second-order nonlinear susceptibility 

p/s
effχ  depends on the symmetry properties of the investigated nonlinear medium 

as well as on the polarization of the fundamental electric field as well as on the 
angle of incidence ϑ of the fundamental beam. The quantity  

( )f, f, f,2 f,2cos( ) cos( )2 nd n ω ω ω ω
π θ θ
λ

= −Ψ  (2.22) 
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takes into account phase mismatch between the SH and the fundamental fields, 
which is pronounced for thick or very dispersive nonlinear materials. The angles 
of propagation f,ωθ  and f,2ωθ  of the fundamental and the SH fields in the 
nonlinear film are obtained by Snell’s law  

f, f,

f,2 f,2

sin( )
si

sin( ) /
sin(n( )) /

n
n

ω ω

ω ω

θ ϑ

θ ϑ

=

=
. 

(2.23) 

In this work, we measure the generated SH power from several nonlinear 
materials, and we use Eq. (2.21) to determine the tensor elements of the second-
order nonlinear susceptibility, see Chapters 6 and 7.   

2.2 Second-order nonlinear materials  

In this section, three classes of second-order nonlinear materials for potential 
hybrid integration on the SiP platform are briefly discussed. These classes range 
from traditionally used crystalline materials over highly nonlinear organic 
materials to novel nanolaminate metamaterials grown by atomic layer 
deposition.  

2.2.1 Crystalline materials 

In the field of nonlinear optics, crystalline materials are traditionally used as 
nonlinear media. For example, in Franken’s ground-breaking experiments, a 
pump laser was focused on a quartz crystal to achieve optical frequency 
doubling [27]. Various other crystals such as potassium dihydrogen phosphate 
(KDP), beta-barium borate (BBO), or lithium triborate (LBO) have become 
standard materials in frequency-mixing applications [34–36]. In the 1990s, the 
ferroelectric material lithium niobate (LiNbO3) became very popular in 
frequency conversion applications due to the possibility to realize quasi-phase 
matched crystals by domain inversion using electric-field poling [37]. In 
addition, LiNbO3 is arguably the most commonly used material in discrete EO 
modulators. The material shows good transparency in the wavelength bands 
traditionally used for optical communications [38]. Furthermore, the dominant 
component of the EO tensor of LiNbO3 is r33 = 31 pm/V [6], which allows 
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technologically simple modulator implementations in which optical and electric 
fields are polarized in parallel. Another noteworthy second-order nonlinear 
crystal is barium titanate (BaTiO3). This material attracted significant attention 
in recent years due to its ultra-high EO coefficient of r42 = 923 pm/V [39], 
which potentially allows realizing very efficient EO modulators.   

Besides their excellent EO properties, LiNbO3 and BaTiO3 are also thermally 
and chemically stable, which makes them attractive for a hybrid combination 
with SiP circuits. However, technological challenges concerning the bonding or 
growth of these materials on SiP chips limit the performance and thus hinder 
widespread application of such devices, see Section 2.4.2.2.  

2.2.2 Organic materials 

Organic EO (OEO) materials have attracted considerable attention since the late 
1980s for several reasons. On the one hand, OEO materials offer fast response 
times to externally applied electric fields in the order of ten femtoseconds [40]. 
On the other hand, these materials feature ultra-high second-order nonlinearities 
resulting in a Pockels effect which can be orders of magnitude stronger than in 
LiNbO3 [41]. Furthermore, many OEO materials are not naturally occurring, 
but created by theory-based design and targeted chemical synthesis, offering 
vast potential to synthesize for further improvements in terms of EO activity 
and resilience against harsh environmental conditions [31]. An additional 
advantage is the ease of processing and combining OEO materials with other 
material platforms. For instance, the materials can be spin-coated, dispensed, or 
printed in a back-end-of-line post-processing step, and are thus compatible with 
virtually any platform for integrated photonic circuits. OEO materials are thus 
attractive candidates for realizing highly efficient and broadband Pockels-type 
EO modulators on the SiP platform.  

The macroscopic properties of OEO materials and in particular their EO activity 
are defined by properties of the underlying molecular units, the so-called EO 
chromophores. These units contain a chain-like conjugated electron system, 
also referred to as π-bridge, in which single and double bonds alternate, 
resulting in π-electrons that are delocalized along the entire atomic chain [31]. 
The distribution of these loosely bound electrons is strongly perturbed when an 
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external electric field is applied, resulting in a large induced molecular 
polarization [31]. However, a second-order nonlinear polarization arises only if 
the conjugated system is asymmetrically perturbed, leading to a pronounce 
molecular hyperpolarizability. This asymmetry can be induced by attaching 
different moieties with either high electron affinity, so-called electron 
acceptors, or low electron affinity, so-called electron donors, at the ends of the 
π-bridge [31]. As an example, Figure 2.1 depicts the chemical structure of 
JRD1, which is the chromophore used in the experimental demonstrations 
presented in Chapters 3 and 4. The donor is highlighted in blue, the π-bridge in 
black, and the acceptor in red. The four phenyl side groups at the donor are quite 
bulky. This results in an increased inter-chromophore distance, which hinders 
detrimental centrosymmetric pairing of chromophores due to dipole-dipole 
interactions [42].  

Similar to Eq. (2.2), the molecular dipole moment ( , )p x t   of a single 
chromophore can be written as  

1

(1)
0 1 1

0 2 1 22 1

( , ) ( ) ( , )

( , ) .( ., ) ( , )

ˆ

ˆ .

i i j

ijk j

ij

k

p t d E t

d d E t

x

E

x

x tx

 

 

µ τ α τ τ

τ τ β τ τ τ τ

−

− −

∞

∞
∞ ∞

∞ ∞

= + −

+ − +−

∫

∫ ∫





, (2.24) 

where iµ  is the permanent dipole moment, ˆijα  the linear polarizability, and 
îjkβ  the first hyperpolarizability. All higher-order contributions to the dipole 

moment are neglected within the scope of this work. The indices { }, ,     , ,  i j k x y z∈  
correspond to a local coordinate system of the molecule with the z axis pointing 
along the main chromophore axis. Second-order nonlinear effects in OEO 
materials arise due to the third term in which the field components enter 
quadratically. The hyperpolarizability tensor îjkβ  is an important parameter for 
determining the strength of these effects. For typical chromophores, the 
dominant tensor component is ˆ

zzzβ  for which the interacting electric fields as 
well as the induced polarization point along the z-axis of the chromophore. It is 
now interesting to consider the relation between this quantity and the 
macroscopic second-order nonlinear susceptibility (2)

333χ  for the Pockels effect. 
Note that in this case the orientation of the global coordinate system is chosen 
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such that the 3-axis coincides with the direction of the poling field, see next 
paragraph. In the frequency domain the relation between ˆ

zzzβ  and (2)
333χ  is given 

by [31]    

(2) 3
c c c c c333

ˆ ˆ( ) ( ) ( , ) cos: ,0 : ,0 ) ,(zzzN gχ ω ω β ω ω ω= Θ  (2.25) 

where N denotes the number density, i.e., the number of chromophores per unit 
volume, cˆ ,( )g ω   is the Lorentz–Onsager local field factor, which takes into 
account partial screening of the applied electric field in the direct surrounding 
of the chromophore, and 〈cos3(Θ)〉 is the average acentric order parameter, 
where Θ denotes the angle between the 3-axis of the global coordinate system 
defined by the poling direction and the chromophore z-axis.  

Electric field poling of OEO materials 

In an ideal case, i.e., for maximum (2)
333χ , all chromophores have to be aligned 

along the 3-axis of the global coordinate system, such that 〈cos3(Θ)〉 in 
Eq. (2.25) is unity. However, after deposition of the OEO material from 
solution, the chromophores are typically randomly oriented leading to a random 
distribution of Θ and thus to a vanishing order parameter, see Figure 2.2(a), 
where chromophores are indicated as ellipses while the local molecular z-axes 
are indicated by arrows. A nonzero order parameter is, e.g., achieved by 

Figure 2.1: Chemical structure of the chromophore JRD1. The π-bridge (black) with highly 
delocalized π-electrons leads to a large polarizability of the molecule. Different electron affinities 
of the donor group (blue) and the acceptor group (red) at either end of the π-bridge result in a 
non-centrosymmetric electron density distribution along the chromophore axis. This leads to a 
nonlinear contribution to the molecular polarization when the chromophore is exposed to electric 
fields, quantified by a strong molecular hyperpolarizability. The arrow indicates the main 
chromophore axis z. 
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electric-field poling. An illustration of this process is schematically depicted in 
Figure 2.2(b). The OEO material is first heated close to its glass-transition 
temperature (Tg), where it undergoes a transition from a solid glassy state to a 
liquid-like state in which the chromophores become highly mobile. A static 
electric poling field Epol is then applied to the material, which aligns the dipolar 
chromophores. In a next step, the material is cooled down while keeping the 
poling field applied. This reduces the chromophore mobility, while the average 
acentric orientation is preserved. At room temperature, the acentric 
chromophore orientation is essentially frozen, and the poling field can be 
removed.  

Classes of OEO materials 

Chromophores can be either used in pure form, as so-called neat or monolithic 
materials [42], in guest-host systems, where the chromophores are doped as 
guests into a polymer host matrix [43,44], or in so-called side-chain 
polymers [45], where chromophore side groups are covalently bound to a 
polymer backbone. In this work, both neat systems, see Chapters 3 and 4, and 

Figure 2.2: Molecular alignment of chromophores by electric-field poling. (a) After deposition 
from solution, the EO chromophores, which are schematically illustrated as ellipses, are 
randomly oriented. The respective molecular z-axes are indicated by arrows. Due to the random 
orientation, the molecular nonlinearity of the various chromophores cancels, i.e., the average 
acentric order parameter and thus the macroscopic χ(2) vanish. (b) A non-vanishing χ(2) is achieved 
by electric-field poling. The material is heated to the glass-transition temperature, and a static 
poling field Epol is applied to align the dipolar chromophores. The poling field is removed only 
after the material is cooled down to room temperature such that the induced average acentric 
orientation is maintained. 
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side-chain polymers, see Chapter 5, were used. Neat chromophore materials 
have the advantage of large number density, resulting in record-high second-
order nonlinearity. However, for neat systems, Tg is typically below 100 °C, 
such that thermal relaxation of the poling-induced order at elevated 
temperatures can become an issue. For a low fraction of dispersed or bound 
chromophores, guest-host systems or side-chain polymers feature much higher 
Tg, which comes at the price of a reduced EO activity. This trade-off between 
high thermal stability and high EO activity may be overcome by recently 
introduced highly nonlinear cross-linkable chromophore systems [46]. For these 
materials, glass-transition temperatures as high as 160 °C along with high EO 
coefficients of 300 pm/V were realized.  

Thermal relaxation of OEO materials 

The poling-induced average acentric chromophore orientation increases the 
potential energy of the OEO material due to dipole-dipole interactions between 
neighboring chromophores. The chromophore state after poling is thus 
energetically unfavorable, and the chromophores tend to relax back towards a 
random orientation with minimum potential energy. The extent of thermal 
relaxation is strongly influenced by the difference between the temperature at 
which the material is stored and Tg of the material [47]. The relaxation effect is 
weak if the storage temperature is far below Tg. In this case, the chromophore 
mobility is negligible and the acentric orientation is preserved. For storage 
temperatures close to Tg, however, the molecular mobility is increased such that 
the acentric order of chromophores is reduced, resulting in a reduction or even 
in a complete loss of the macroscopic EO activity [19,48,49]. If the storage 
temperature is well below the decomposition temperature [50], the relaxation 
process is in principle reversible by simply repeating the poling procedure. For 
many industrial applications, however, this approach would not be viable. 
Materials with high values of Tg are thus of paramount importance for 
commercial application of SOH devices, e.g., in the field of optical 
communications, where operation at elevated temperatures is usually 
unavoidable.  

To obtain a better understanding of the involved relaxation mechanisms, the 
thermal relaxation can be modelled. In literature there exists a variety of 
different models, which describe the relaxation dynamics of different OEO 
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materials. These models range from bi-exponential decay models [51,52] to so-
called stretched exponential models, in which a continuous range of decay times 
is considered [53,54].  

In this work, the thermal relaxation of a high-Tg side-chain polymer in an 
silicon-organic hybrid (SOH) modulator is investigated, see Chapter 5. The 
devices are stored for more than 2700 h at 85 °C according to Telcordia testing 
protocols [55]. During the first few hundreds hours we find a decrease of the 
EO activity, which we model by an exponential decay with a single decay time. 
After this initial burn-in the EO activity remains stable for the remainder of the 
high-temperature storage test.  

Photo-chemical degradation of OEO materials 

Besides thermal relaxation, photo-chemical degradation is another challenge 
when working with OEO materials: If an EO chromophore is exposed to intense 
laser light, the molecule may be irreversibly damaged by a photochemical 
reaction. The main degradation process is photo-oxidation [56], which can be 
explained using a typical energy diagram of a chromophore [57], see Figure 2.3. 
The chromophore is excited from the singlet ground state S0 to the singlet 
excited state S1 by absorption of a photon. The excited system may now either 
relax back to the ground state by emission of a fluorescence photon, or undergo 
an intersystem crossing (ISC) to the excited triplet state T1. The latter process 
is unlikely, but can be mediated by the presence of triplet ground-state oxygen 
3O2, which then undergoes a transition to singlet oxygen 1O2, indicated in blue. 
The second ISC from the T1 to the S0 level is also mediated by triplet oxygen, 
which again produces singlet oxygen, indicated in red. The generated highly 
aggressive singlet oxygen can then attack the chromophore in ground state S0, 
which leads to formation of a compound without EO activity.  

Photo-chemical stability of the chromophores can be either achieved by 
protecting the molecules from the generated singlet oxygen or by reducing the 
generation of singlet oxygen in the first place. The latter is, e.g., achieved by 
lowering the concentration of available ground state oxygen 3O2. This requires 
processing of the OEO material under exclusion of oxygen, e.g., in an inert 
nitrogen atmosphere. In addition, the OEO material should feature a low oxygen 
diffusivity, such that only little oxygen can diffuse into the material after 
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processing. This is, e.g., achieved in high-Tg cross-linked materials [31,58]. An 
even improved performance is achieved if the OEO material is placed in a 
hermetically encapsulated package, which entirely prevents the penetration of 
oxygen [19,20]. If singlet oxygen is still present in the material despite these 
measures, the chemical structure of the molecule can in principle be adapted 
such that the reactive chromophore sites are protected [31]. A more practical 
approach is adding efficient singlet oxygen quenchers to the material [59–61]. 
In this case, singlet oxygen either directly oxidizes the quencher instead of the 
chromophore or relaxes back to its triplet ground state by energy transfer to the 
quencher [61,62]. 

2.2.3 Nanolaminate materials grown by atomic layer 
deposition 

A relatively novel class of second-order nonlinear materials are nanolaminates 
consisting of alternating thin layers of different inorganic materials [21,22]. Due 
to their inorganic nature, these nanolaminates are inherently resilient against 
photo-degradation and are also expected to be long-term thermally stable even 
at elevated temperatures. Furthermore, these nanolaminates can be grown by 
conformal atomic layer deposition (ALD) [63], which is a standard technique 
used in semiconductor processing [64]. ALD growth does not require 
sophisticated substrate preparation as compared to, e.g., molecular beam 

Figure 2.3: Energy diagram of a chromophore for the description of photo-oxidation. Photo 
oxidation damage is caused by the reaction of singlet oxygen 1O2 with the chromophore singlet 
ground state S0. Singlet oxygen is produced either during the intersystem crossing (ISC) from the 
excited singlet state S1 to the excited triplet state T1 (indicated in blue), or by the ISC from T1 to 
S0 (indicated in red). 
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epitaxy [39]. Instead, simple hydroxyl-(OH-)groups as found on, e.g., the native 
oxide of silicon are sufficient to initialize the growth process [65]. 
Nanolaminates grown by ALD are thus well suited to realize second-order 
nonlinearities on the SiP platform.  

Recently, ABC-type nanolaminates consisting of three centrosymmetric metal-
oxides A, B, and C grown on glass substrates were demonstrated [21,22]. In 
these demonstrations, the constituents are aluminum oxide (Al2O3), titanium 
dioxide (TiO2), and indium oxide (In2O3) [22] or Al2O3, TiO2 and hafnium 
dioxide (HfO2) [21]. While none of these constituents feature any bulk 
nonlinearity, each inner interface gives rise to a surface nonlinearity, see the 
discussion of symmetry properties of the second-order nonlinear susceptibility 
in Section 2.1.1. However, the nonlinearity of a single interface is weak, and an 
appreciable effective nonlinearity is achieved only if the individual layers are 
atomically thin, thereby resulting in densely stacked interfaces. To achieve 
macroscopic second-order nonlinearity, this class of nanolaminate should at 
least have three different constituents. A binary nanolaminate with 
centrosymmetric constituents A and B is schematically depicted in 
Figure 2.4(a). The inversion symmetry is still broken locally at each inner 
interface. However, the surface nonlinearity at the interface AB cancels out with 
the nonlinearity of the adjacent interface BA [21], such that no macroscopic 
second-order nonlinearity is found. In fact, for such AB-type nanolaminates the 
inversion symmetry is maintained on a macroscopic level. This is illustrated in 
Figure 2.4(a), where the center of inversion is depicted as a black dot. In 

Figure 2.4: Structure of nanolaminates. (a) Binary nanolaminate consisting of two 
centrosymmetric constituents A and B. Globally, the inversion symmetry is maintained, indicated 
by the center of inversion (black dot). Such binary nanolaminates thus feature no macroscopic 
second-order nonlinearity. (b) Ternary nanolaminate consisting of three centrosymmetric 
constituents A, B, and C. No center of inversion is found for this class of nanolaminates, such 
that a macroscopic nonlinearity can be expected. All nanolaminates are grown on a substrate.  
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Figure 2.4(b), we show a ternary ABC-type nanolaminate with an additional 
centrosymmetric material C. This structure has no center of inversion, resulting 
in a non-vanishing macroscopic nonlinearity.  

Ternary nanolaminates based on centrosymmetric constituents currently feature 
second-order nonlinearities in the range of (2) 1pm /Vχ =  [26]. While this value 
is already of the same order of magnitude as (2)χ  of established crystals such as 
KDP [66], further improvements are required to make the technology attractive 
for actual applications. A first step in this direction is presented in Chapter 7: 
We show binary nanolaminates based on the second-order nonlinear material 
zinc oxide (ZnO), having a nonlinearity of roughly (2) 4pm /Vχ = .  

2.3 Principle of Mach-Zehnder modulators 

In this section, the working principle of a Mach-Zehnder modulator (MZM) is 
introduced and typical performance metrics of MZM are defined. Other types 
of EO modulators such as electro-absorption modulators [67] or resonant 
devices based on micro-rings [68] are not considered within the scope of this 
work. Figure 2.5 shows schematically a waveguide-based MZM in top view. 
The input field Ein(t) of the optical carrier is split equally in the two arms of the 
MZM using a 2×2 multi-mode interference (MMI) coupler [69] with a 50:50 
power splitting ratio. Each arm comprises a phase-shifter section with length L 
(yellow), which contains electrodes with spacing w across which modulating 
voltages U1(t) and U2(t) can be applied.  These voltages can be used to 
independently modulate the phases 1( )tφ  and 2( )tφ  of the optical fields by 
varying the effective refractive indices by Δn1 and Δn2  

1 1 0

2 2 0

( ) ,
( ) .

n
n

t k L
t k L

φ
φ ∆= −

∆= −
 (2.26) 

In these relations, the free-space wavenumber is given by 0 0/2k π λ= . Another 
MMI at the output of the phase-shifter sections recombines the optical fields. 
Assuming lossless components, we find for the output fields Eout,1(t) and Eout,2(t) 
of the optical carrier [70]   
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where we introduced the phase difference 2 1( ) ( ) ( )t t tφ φ φ= −∆ . We can see that 
in general both the amplitude and the phase of the output fields are modulated. 
Pure phase modulation is achieved by choosing 1 2( ) ( )t tφ φ= . In this so-called 
push-push configuration, Eout,2(t) vanishes and the cosine term, which 
modulates the amplitude of Eout,1(t), becomes unity. Conversely, pure amplitude 
modulation is realized by choosing 1 2( ) ( )t tφ φ= − . In this so-called push-pull 
configuration, the complex exponentials, which cause phase modulation, are 
unity. This avoids undesired chirp of the modulated optical signal. In practical 
implementations, only a single output of the MMI is connected. The following 
discussion is thus restricted to the upper output with optical field Eout,1(t) for the 
case of push-pull operation. The transmitted optical power is proportional to the 
square of the output field, which leads to  

2
out in cos .( )( ( ))

2
tP t P φφ ∆ ∆ =  

 
 (2.28) 

The power transfer function Pout/Pin of the MZM is depicted in Figure 2.6. For 
an induced phase shift of / 2φ π∆ =  the power is reduced by a factor of 2. In 

Figure 2.5: Schematic of an Mach-Zehnder modulator (MZM) in top view. The input field Ein(t) 
is split equally in the two arms of the MZM by a multi-mode interference (MMI) coupler. The 
phase shifter sections of length L are indicated in yellow. They contain electrodes with spacing 
w across which modulating voltages U1(t) and U2(t) can be applied. This induces phase shifts of 

 and in the upper and lower MZM arm , respectively. The modulated optical fields 
interfere in another MMI at the output of the phase shifters forming the output fields Eout,1(t) and 
Eout,2(t). 
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this so-called quadrature-,  or 3-dB point, the transfer function can be linearized. 
This operation point is thus ideally suited for intensity modulation.    

In Pockels-type MZM which are based on a material with dominant EO 
coefficient r33, the induced change in refractive index in Eq. (2.26) can be 
substituted by Eq. (2.18). We then obtain a new expression for the induced 
phase changes    

3
1 33 1 0
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( ) ( )
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t r t k Ln E

nt r tE k L
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Γ
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The quantity Γ  is the field interaction factor [15], which takes into account the 
reduced overlap of the optical and electrical mode in the Pockels-type material. 
A detailed discussion on how Γ  is calculated for SOH MZM is presented in 
Appendix A.3. Assuming push-pull operation with E1 = -E2 = U/w we obtain 
for the induced phase difference at the MZM output 

3
EO 33 0

( )( ) r U ktt n L
w

φ∆ = Γ . (2.30) 

An important metric of an MZM is the so-called π-voltage Uπ associated with 
an induced phase shift π( )tφ∆ = , which drives the MZM from maximum to 
minimum transmission. Using Eq. (2.30), the π-voltage of a Pockels-type MZM 
in push-pull configuration can be written as 
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An additional important metric is the so-called UπL product of the π-voltage of 
a MZM and the length L of the associated phase-shifter sections. The metric 
indicates the modulation efficiency of a MZM and reflects that there is a trade-
off between small π-voltages and short phase shifters. For a Pockels-type MZM 
in push-pull operation the UπL- product reads    
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Considering a fixed wavelength λ0, a low UπL product and therefore efficient 
modulation is achieved by a tight electrode spacing w, by using a Pockels-type 
material with a large value of 3

EO 33n r , or by exploiting a phase shifter structure 
with a large interaction factor Γ .  

Another essential metric is the optical power attenuation aPS of the phase shifter 
specified in dB,  
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(2.33) 

where PPS,in and PPS,out denote the optical power at the input and output of the 
phase shifter section, respectively. This attenuation can be calculated as the 
product of the phase shifter propagation loss a in dB per length and the phase 
shifter length  L 

PS  a aL= . (2.34) 

A relation between a and the optical attenuation coefficient α  defined by 
PS,out PS,out exp( )P P Lα= −  is given by 

4
dB

3  4.a
α= × . (2.35) 

Figure 2.6: MZM power transfer function. At the quadrature point  the transfer 
function features best linearity, ideally suited for intensity modulation. For a phase difference of 

 the MZM is driven from its maximum its minimum power transmission point.  
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For a given phase shifter implementation with fixed propagation loss a, the 
phase shifter attenuation aPS can be reduced by simply shortening the phase 
shifter, see Eq. (2.34). However, according to Eq. (2.32), shortening the phase 
shifter increases the π-voltage. Thus, we find a trade-off between phase shifter 
attenuation and π-voltage, which is typically expressed by the so-called loss-
efficiency product aUπL measured in units of V dB. This quantity corresponds 
to the π-voltage (in V) of a device with a phase-shifter attenuation of aPS = 1 dB 
or, equivalently, the attenuation of a phase shifter (in dB) having a π-voltage of 
Uπ = 1 V. 

Optical signal generation using MZM 

Using Eq. (2.30) in combination with Eq.(2.31) we can express the power 
transfer function of the MZM in Eq. (2.28) as a function of an applied signal 
voltage U(t) 

2out
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P U t U t

P U
π 

=  
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(2.36) 

The MZM can be thus used to generate intensity-modulated optical signals. For 
simple on-off keying (OOK), see Figure 2.7(a), the device is biased in the so-
called quadrature point at Ubias = Uπ/2, where the transmitted optical power is 
reduced by 3 dB with respect to the point of maximum transmission. For 
operation, a binary sequence with voltage levels of bias    / 2U U Uπ= ±  may be 
fed to the device, such that the MZM is switched between maximum and 
minimum optical transmission. Since the signal voltage is binary, only a single 
bit per symbol is transmitted. More information per symbol can be transmitted 
using non-binary input signals. For example, Figure 2.7(b) shows four-level 
pulse-amplitude modulation (PAM4) with four equidistant voltage levels such 
that 2 bit/symbol are transmitted. The device is again biased at the quadrature 
point, but, in contrast to OOK, the peak-to-peak voltage swing is usually smaller 
than Uπ to remain in the linear range of the power transfer function. 
Alternatively, a voltage swing of Uπ can be used in combination with non-
equidistant voltage levels of the drive signal. 
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2.4 Silicon photonic electro-optic modulators  

In this section, the state-of-the-art of silicon photonic (SiP) modulators is 
reviewed. This includes standard all-Si devices based on pn-junctions, which 
rely on charge depletion, so-called silicon-insulator-silicon capacitors 
(SISCAP) operated in charge accumulation mode, but also SiP modulators 
based on hybrid integration of materials which may feature second-order 
nonlinearities.  

2.4.1 All-silicon modulators  

Due to the lack of second-order nonlinearities in bulk silicon, SiP EO 
modulators typically have to rely on the free-carrier dispersion effect [7]. The 
effect causes a change in refractive index when the concentration of free carriers 

Figure 2.7: Intensity modulation (IM) using an MZM. (a) IM using simple on-off-keying (OOK) 
as a modulation format. The device is biased in the quadrature point Ubias = Uπ/2 and operated at 
a peak-to-peak drive voltage of Upp = Uπ. This leads to two distinct voltage levels at which the 
optical power is either switched on or off. (b) IM using four-level pulse amplitude modulation 
(PAM4). The device is biased in the quadrature point U = Uπ/2 and a sequence of four equidistant 
voltage levels is fed to the MZM. To remain in the linear regime of the transfer function the peak-
to-peak drive voltage must be smaller than Uπ. Alternatively, a voltage swing of Uπ can be used 
in combination with non-equidistant voltage levels of the drive signal. 
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is modulated. All-Si modulators can be thus categorized in devices which either 
deplete or accumulate free carriers to realize EO modulation. Depletion-type 
devices are typically realized as reverse-biased pn-junctions, which are 
embedded in the waveguide, see Figure 2.8(a). For efficient modulation, these 
devices should have a large capacitance such that a small modulation voltage 
induces large variations of the free carrier concentration. However, a large 
device capacitance C leads to large RC time constants, leading to a fundamental 
trade-off between modulation efficiency and EO bandwidth of the device [8]. 
For efficient devices, the capacitance is often increased by high doping 
concentrations, which reduces the depletion region of the pn-junction. 
However, higher doping also increases the optical loss due to free-carrier 
absorption, which leads to an additional trade-off between modulation 
efficiency and optical insertion loss [8]. As a consequence, high-speed and low-
loss modulators with high efficiency are hard to realize in all-Si EO modulators. 
Best-in-class devices in terms of modulation efficiency achieve UπL products 
of 4.6 Vmm and loss-efficiency products aUπL of 5.8 VdB. However, the 3 dB-
bandwidth amounts then to only 13 GHz [71]. Conversely, high-speed devices 
with 3 dB-bandwidths around 40 GHz have been realized, but the UπL and 
aUπL-products increase to 16 Vmm and 28 VdB, respectively. These 
fundamental limitations can be partially relaxed in accumulation-type devices 
based on silicon-insulator-silicon capacitors (SISCAP). These devices are 
typically realized as a vertical stack consisting of a p-doped Si bottom layer, an 
insulating intermediate layer and an n-doped Si top layer, see Figure 2.8(b). The 
junction is typically operated under “forward” bias such that majority carriers 
accumulate at the respective interface of the insulator. For these devices, the 
capacitance can be increased independently from the doping concentration by 
reducing the thickness of the insulator. Therefore, there is no inherent trade-off 
between modulation efficiency and optical insertion loss. As a result, SISCAP-
devices can feature UπL products down to 1.6 Vmm and loss-efficiency 
products of aUπL = 7 VdB [72]. However, the trade-off between modulation 
efficiency and bandwidth also holds for SISCAP devices, leading to a low 3 dB-
bandwidth of, e.g., 15 GHz [72].  
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2.4.2 SiP modulators with heterogeneously integrated 
materials  

The performance of all-Si modulators can be enhanced by heterogeneous 
integration of other material systems. These material systems are typically 
categorized in two groups. The first group includes semiconductors, which, 
when compared to Si, have a stronger free-carrier plasma effect. The second 
group includes materials with a second-order nonlinearity.  

2.4.2.1 Hybrid integration of III-V semiconductors 

The free-carrier dispersion effect has the unwanted side effect to change also 
the optical absorption coefficient α  of the material when its carrier 
concentration is modulated. In silicon the ratio /n α∆ ∆   of the change in 
refractive index Δn and the change in absorption α∆  is roughly 3.5 times larger 
for holes than for electrons [7].  The performance of all-Si SISCAP-type devices 
can be thus significantly improved by replacing the top n-doped Si layer by, e.g. 
n-doped indium-gallium-arsenide-phosphide (InGaAsP), for which the ratio of 

/n α∆ ∆  is considerably improved as compared to electrons in silicon [8,73]. 
The integration of InGaAsP is achieved using direct wafer bonding on standard 
SiP waveguides. These hybrid Si-insulator-InGaAsP capacitors show low π-
voltage length products of UπL = 0.47 Vmm and loss efficiency products down 
to aUπL = 0.9 VdB [73]. However, a fabrication related issue in the proof-of-
concept experiments shown in [73] resulted in a large RC time constant, which 

Figure 2.8: Schematic cross section of typical SiP phase shifters based on the free-carrier plasma 
effect. (a) All-Si depletion-type phase shifter implemented as a pn-junction embedded in a rib 
waveguide. Reverse-biasing of the junction leads to a depletion of free carriers in the waveguide. 
(b) Accumulation-type phase shifter realized as a vertical semiconductor-insulator-
semiconductor-junction. For all-Si devices, the top and bottom semiconductor layers consist of 
p- and n-doped Si, respectively. “Forward” biasing of the junction results in an accumulation of 
free carriers at the two interfaces of the insulator. The performance can be enhanced by replacing 
the top n-doped Si layer by n-doped IIIV-materials such as InGaAsP.  
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limited the demonstrated bandwidth to only 100 MHz. This problem does not 
seem to be of fundamental nature, such that these devices remain promising for 
high-performance SiP modulators.  

2.4.2.2 Hybrid integration of Pockels-type materials  

The free-carrier plasma effect in Si does not only lead to a modulation of the 
refractive index but also to a modulation of the optical absorption [7]. The 
resulting amplitude-phase coupling leads to chirp of the modulated optical 
signal [74]. This can be avoided by integrating Pockels-type materials, which 
provide pure amplitude modulation when implemented in a MZM, see 
Section 2.3.  

In recent years, a significant effort was made to integrate the Pockels-type 
material lithium niobate (LiNbO3 ) on the SiP platform. The integration process 
is typically based on single-crystal thin-film LiNbO3 (TFLN), which is bonded 
on various substrates. However, in many publications, the involved fabrication 
processes deviate entirely from typical SiP process flows. For instance, in some 
approaches, Si waveguides and electrodes are fabricated on top TFLN bonded 
to Si or LiNbO3 substrates [9,10]. Other approaches do rely on standard SiP 
waveguides fabricated on silicon-on-insulator (SOI) chips, the MZM 
electrodes, however, are still patterned on top of the TFLN layer [11,12]. For 
these devices, moderate π-voltage length products of UπL = 22 Vmm and loss-
efficiency products of 2.2 VdB are achieved [12]. The approach, which is 
currently the most compatible with standard SiP process flows, relies on Sandia 
National Laboratories’ SiP process [13]. In this concept, hybrid EO modulators 
are realized in a back-end-of-line post-processing step by bonding TFLN to the 
SiP chip without any further need for processing. However, the performance of 
these hybrid SiP devices is still suboptimal with UπL products as high as 
67 Vmm and loss-efficiency products of around aUπL = 130 VdB [13].  

Another promising Pockels-type material for hybrid integration in SiP circuits 
is barium titanate (BaTiO3). The material can be grown epitaxially on top of the 
Si device layer of planar SOI wafers with a diameter of up to 200 mm. These 
BaTiO3 wafers are then flipped and bonded to an inter-layer dielectric (ILD) of 
a standard SiP process [75]. Subsequently, the Si substrate and the buried oxide 
is removed from the bonded BaTiO3 wafer. The exposed Si device layer is then 
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patterned to realize strip waveguides on top of the BaTiO3 layer. To complete 
the Si/BaTiO3 EO modulators, electrodes are structured next to the Si 
waveguides and connected to metal layers underneath by vias. A cross section 
of the hybrid SiP layer stack is depicted in Figure 2.9. The BaTiO3 wafer 
bonding process does not deteriorate the performance of standard germanium 
(Ge) photo diodes, which are implemented in the same SiP process flow [75]. 
Furthermore, low-loss optical coupling between standard Si waveguides in the 
lower layer and hybrid Si/BaTiO3 waveguides in the upper layer was 
demonstrated recently [76], which underlines the potential of this approach. The 
hybrid Si/BaTiO3 EO modulators feature UπL products down to 2.3 Vmm and 
loss-efficiency products of aUπL = 1.3 VdB [14], which already surpasses the 
performance of typical SiP modulators. Even more efficient modulation may be 
achieved by implementing BaTiO3 in more efficient phase shifter structures 
such as slot waveguides [15]. This is currently challenging, however, due to the 
epitaxial growth of BaTiO3 .  

Yet another approach relies on the integration of organic EO (OEO) materials. 
The OEO material can be either applied on top ultra-thin Si strip waveguides 
resulting in so-called silicon-polymer hybrid modulators [77–79], or it can be 
filled into standard Si slot waveguides [15], resulting in so-called silicon-
organic hybrid (SOH) devices. The latter approach is followed and investigated 
in this work. For the SOH technology, the organic materials can be applied to 
standard SiP chips or wafers in a back-end-of-line processing step, such that a 
good compatibility with standard SiP process flows is given. The efficent phase 
shifter structures based on slot waveguides in combination with the high 

Figure 2.9: Schematic cross section of a hybrid SiP chip with an integrated BaTiO3 layer. The 
BaTiO3 is bonded to an inter-layer dielectric (ILD) in a wafer-scale process, which does not affect 
the performance of other standard components such as germanium (Ge) photodiodes. Hybrid 
Si/BaTiO3 phase shifters are realized by patterning Si strip waveguides and metal electrodes on 
top of the BaTiO3 layer. 
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nonlinearity of OEO materials lead to ultra-efficient SOH modulators which 
clearly outperform standard SiP devices. A detailed description of the SOH 
integration technology is given in Section 2.4.3.  

2.4.3 Silicon-organic hybrid (SOH) modulators 

In this section, the SOH device principle as well as the bandwidth limitations of 
SOH modulators are discussed.  

2.4.3.1 SOH Mach-Zehnder modulator concept 

Silicon-organic hybrid (SOH) MZM are realized by combining standard SiP 
chips with highly efficient organic EO materials. The chips used in this work 
are fabricated by 248 nm deep-UV lithography on 200 mm silicon-on-insulator 
wafers in the commercial foundry A*Star IME in Singapore. A top view of an 
SOH MZM is depicted schematically in Figure 2.10(a). Light is coupled to and 
from the SiP chip using grating couplers (GC). Si strip waveguides connect the 
GC with multi-mode interference (MMI) couplers, which split and recombine 
the light in the two arms of the MZM. Each MZM arm features an SOH phase 
shifter of length L. For the devices investigated in this work, the phase-shifter 
length is in the range of L = 0.28…1.5 mm. The aluminum (Al) electrodes 
(orange) are realized as a coplanar transmission line (TL) in ground-signal-
ground (GSG) configuration. The dash-dotted line labeled AA’ indicates the 
location of the cross section of the MZM, which is schematically depicted in 
Figure 2.10(b). Each MZM arm contains a Si slot waveguide, which is formed 
by two Si rails with a width of wrail = 240 nm and a height of hrail = 220 nm. The 
two rails are separated by a narrow slot whose width is in the range of 
wslot = 130…190 nm for the devices investigated in this work. The rails are 
electrically connected to the GSG TL by 70 nm-high n-doped Si slabs and Al 
vias. The oxide above the slot waveguides is opened such that the OEO material 
can be applied to the waveguides in a back-end-of-line processing step. In this 
work, we use a micro-dispensing tool to locally apply the OEO material on the 
slot waveguides. In particular, we leave the metal contact pads uncovered to 
ensure a reliable electrical contacting of the SOH MZM. The dominant x-
component of the optical mode experiences a strong enhancement in the low-
index slot region, see Figure 2.10(c). Similarly, the dominant x-component of 
the electrical mode is tightly confined to the slot, see Figure 2.10(d). The 
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resulting strong modal overlap leads to a large value of the interaction factor .Γ
In combination with the small slot widths wslot across which the modulating 
voltage drops and the large EO coefficients of OEO materials, this leads to 
highly efficient electro-optic interaction, see Eq. (2.32). As discussed in 
Section 2.2.2, a poling process is required to achieve macroscopic EO activity 
in an OEO material. For poling of the SOH devices, we heat the entire chip by 
a Peltier element, and we apply the poling voltage Upol (green arrows) across 
the floating ground electrodes of the MZM. When operating the poled device 
with a signal drive voltage Ud, the vector of the modulating electric field (blue 
arrows) points in the poling direction in one arm and in the opposite direction 

Figure 2.10: Silicon-organic hybrid (SOH) MZM. (a) Schematic top view of an SOH MZM with 
phase shifter length L. Light is coupled to and from the SiP chip by grating couplers (GC). A pair 
of multi-mode interference (MMI) couplers splits and recombines the light in the two arms of the 
MZM. The coplanar transmission line in ground signal ground (GSG) configuration is depicted 
in orange. The location of the cross section depicted in (b) is indicated by the dash-dotted line 
labeled AA’. (b) Schematic cross section of the two MZM arms. Each arm contains a SOH phase 
shifter, which consists of a Si slot waveguide. Each slot waveguide is formed by a pair of Si rails, 
which are separated by a narrow slot and which are electrically connected to the GSG 
transmission line by thin n-doped Si slabs. The waveguides are clad by an organic EO (OEO) 
material. For poling, the OEO material is heated to its glass-transition temperature and a poling 
voltage Upol is applied across the floating ground electrodes, which aligns the dipolar 
chromophores in this region (green arrows). After cooling the device to room temperature, the 
acentric chromophore orientation is frozen and the poling voltage is removed. A drive voltage Ud 
applied to the center signal electrode (blue arrows) leads to an efficient push-pull operation of 
the MZM. To emulate a higher doping concentration in the Si slabs, we apply a gate voltage Ugate 
between the Si substrate and the Si device layer. This induces an electron accumulation layer in 
the Si slabs and thus reduces the RC time constants. The gate voltage becomes obsolete for 
optimized doping profiles [80] (c) Dominant Ex-component of the optical mode field. (d) 
Dominant Ex-component of the modulating RF mode. Figures adapted from [J3]. 
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in the other arm. This results in chirp-free efficient push-pull operation of the 
device.  

Note that the slot waveguides act as capacitors, which need to be charged and 
discharged via the doped Si slabs when the modulating voltage changes. For the 
devices used in this work, the doping concentration in the slabs is insufficient 
due to insufficient doping, resulting in large RC time constants, which limit the 
device bandwidth [80]. We therefore emulate a higher doping concentration by 
applying a gate voltage Ugate between the Si substrate and the Si device layer. 
This results in an electron accumulation layer in the Silicon slabs [81], which 
improves the slab conductance and hence relaxes the RC bandwidth limitation. 
Properly designed doping profiles will render the gate voltage obsolete. 

2.4.3.2 Bandwidth of SOH modulators 

The subsequent discussion of the EO bandwidth of SOH MZM follows the 
formalism introduced in reference [80]. 

The frequency response of SOH MZM can be described using a distributed-
element model of the associated radio-frequency (RF) transmission line 
(TL) [80]. An infinitesimally short TL element of length Δz can be modelled by 
the equivalent-circuit depicted in Figure 2.11(a). The yellow circuit and the 
associated distributed elements describe the metal GSG TL. The elements 
include a series resistance TLTL    R R z′= ∆ , a series inductance TLTL    L L z

 

′= ∆ , and a 
shunt capacitance TL TL   C C z′= ∆ , where the primed quantities describe 
resistance, inductance, and capacitance per unit length, respectively. The Si slot 
waveguides form an additional capacitance, which is charged and discharged 
via the doped Si slabs, see Figure 2.10. The slot waveguides can thus be 
included in the equivalent-circuit model by adding an RC shunt, which is 
depicted in blue in Figure 2.11(a). This RC shunt includes the slot capacitance 

S S    ,C C z= ∆′  the conductance of the Si slabs S,bulk S,bulk   G G z′= ∆ , and the gate 
voltage-induced conductance S,acc S,acc   G G z′= ∆  of the electron accumulation 
layer in the slabs. The accumulation layer is induced to increase the total slab 
conductance GS = GS,bulk + GS,acc, and hence to improve the device bandwidth, 
see Section 2.4.3.1. Note that the capacitance between the signal electrode and 
a single ground electrode amounts to only CTL/2 due to the GSG configuration 
of the TL. Similarly, the capacitance of a single slot amounts to only CS/2. The 
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equivalent circuit can be transformed in a Telegrapher-type equivalent circuit, 
see Figure 2.11(b). This is achieved by introducing the frequency-dependent 
capacitance [82] 

S

S
S 22 2

S1 /
C

C
C

Gω
′

′
=

′ ′+
 (2.37) 

and the frequency-dependent conductance [82] 

( )
2

2 2S 2
S

2
S

S1 /S

G
G C G

C ω
ω

′
′ =

′ ′ ′+
. (2.38) 

Exploiting the similarity to a standard TL, we can now characterize the MZM 
TL by the complex propagation constant jγ α β= +  and the complex 
characteristic impedance 0Z  [80] 

( ) ( )( )TL RF TL S RF S TL+jj jLR G C C
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Figure 2.11: Equivalent-circuit model of an infinitesimally short transmission line describing the 
SOH MZM. (a) The distributed elements of the metal electrodes and the Si slot waveguide are 
depicted in yellow and blue, respectively. , , and  denote the series resistance, the 
series inductance and the shunt capacitance per unit length of the electrodes.  and  
denote the conductance per unit length of the resistive Si slabs and the gate-induced electron 
accumulation layer.  denotes the capacitance per unit length of the slot waveguides. (b) 
Transformed equivalent circuit of the SOH MZM by introducing a frequency dependent 
conductance  and a frequency dependent capacitance . Figure adapted from Fig. 1 in 
reference [80]. 
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where RFω  denotes the angular frequency of the electrical signal travelling 
along the TL. The modulator is operated by connecting the SOH MZM TL to 
an RF source with source impedance srcZ  and to a termination with impedance 

trmZ , see Figure 2.12.  

The bandwidth of the modulator is determined by the frequency dependence of 
the induced phase shift of the optical carrier that is accumulated along the TL. 
The induced phase shift at a specific location of the TL is proportional to the 
modulation voltage at this point. If the modulator is driven by a sinusoidal 
voltage with frequency RFω , the accumulated phase shift 

( )RF RFˆ( ) ( )exp( j )ttϕ ϕ ω ω= ℜ  is thus calculated by integrating the modulation 
voltage seen by the optical carrier along the length L of the TL [80,83]. For this 
calculation we need to take into account that the optical signal and the RF 
voltage do in general not travel at the same velocity along the TL. Furthermore, 
we need to include reflections of the modulation voltage at both ends of the TL 
if the impedance of the signal source srcZ  or the impedance of the termination 

trmZ  are not matched to the characteristic impedance 0Z  of the TL.  

The frequency response RF( )m ω of the modulator is obtained by normalizing 
the complex phase amplitude RFˆ( )ϕ ω  by its zero-frequency counterpart 

src trm 0
ˆ(0)Z Z Zϕ = =  for a perfectly matched impedance of the source and the 

termination [83]. This results in [80]  

Figure 2.12: The SOH MZM is driven by an RF source with impedance and terminated by 
a resistor with impedance . The SOH MZM transmission line (TL) is characterized by a 
complex characteristic impedance  and a complex propagation constant . 
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trmexp( 2 ) ,B L γ= − Γ  (2.43) 

g,opt RF / .jq n cγ ω± = ± +  (2.44) 

Here, ng,opt denotes the optical group refractive index in the slot waveguide, c is 
the vacuum speed of light and the quantities src

Γ  and trm
Γ  are voltage reflection 

factors at the source and the termination, respectively, given by  

src 0 trm 0
src trm

src 0 trm 0
andZ Z Z Z

Z Z Z Z
 

− −
=

+
Γ =

+
Γ . (2.45) 

The term RCH  in Eq. (2.41) takes into account that only the fraction of the 
voltage, which drops across the slot waveguide contributes to the phase shift. 
The expression RCH  takes thus the form of a voltage divider between the slab 
conductance and the slot capacitance  

RC
RF S S

1
1 j /

H
C Gω

=
′ ′+

. (2.46) 

In summary, the described model of the frequency response of SOH MZM takes 
into account the effects of velocity mismatch between optical and RF field, 
impedance mismatch, microwave-loss, and the RC-limitation of the silicon slot 
waveguide. Reference [80] gives an in-depth overview about the impact of these 
individual contributions and discusses the associated implications for design 
guidelines to realize ultra-broadband SOH modulators. 
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3 Efficient SOH modulators with ultra-
high in-device EO activity 

The following section reports on SOH modulators with ultra-high in-device EO 
activity, resulting in highly efficient EO modulation and low power 
consumption. It is taken from a publication in Optica [J1]. To fit the structure 
and layout of this document, it was adapted accordingly. The associated 
supplementary information is found in Appendix A.  

For this publication Clemens Kieninger (Cl.K.) and Yasar Kutuvantavida 
(Y.K.) formulated the EO material and coated the SOH modulators. Cl.K. and 
Y.K. developed the poling recipe for the coated SOH modulators. Cl.K. 
optimized the poling conditions for the SOH devices and performed the π-
voltage characterization as well as the electro-magnetic simulations required to 
calculate the in-device EO coefficient. Cl.K., Stefan Wolf, Heiner Zwickel, 
Matthias Blaicher, and Juned. N. Kemal performed and evaluated the high-
speed data transmission experiments. Delwin L. Elder (D.L.E.) and Larry R. 
Dalton developed the EO material. D.L.E. performed ellipsometry 
measurements on thin-film samples of the EO material. The work was 
supervised by Sebastian Randel, Wolfgang Freude and Christian Koos (Ch.K.). 
The paper was written by Cl.K., and Ch.K. All authors revised the paper.   
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Efficient electro-optic (EO) modulators crucially rely on advanced materials 
that exhibit strong electro-optic activity and that can be integrated into high-
speed and efficient phase shifter structures. In this paper, we demonstrate 
ultrahigh in-device EO figures of merit of up to n3r33 = 2300 pm/V achieved in 
a silicon-organic hybrid (SOH) Mach-Zehnder modulator (MZM) using the EO 
chromophore JRD1. This is the highest material-related in-device EO figure of 
merit hitherto achieved in a high-speed modulator at any operating wavelength. 
The π-voltage of the 1.5-mm-long device amounts to 210 mV, leading to a 
voltage-length product of UπL = 320 Vμm − the lowest value reported for MZM 
that are based on low-loss dielectric waveguides. The viability of the devices is 
demonstrated by generating high-quality on-off-keying signals at 40 Gbit/s with 
Q factors in excess of 8 at a peak-to-peak drive voltage as low as 140 mVpp. We 
expect that efficient high-speed EO modulators will not only have a major 
impact in the field of optical communications, but will also open new avenues 
towards ultrafast photonic-electronic signal processing. 

3.1 Introduction 

Electro-optic (EO) phase modulators are key for many applications such as 
optical communications [84], optical signal processing [85], or high-precision 
metrology [86]. Among the various concepts, devices based on the linear 
electro-optic effect (Pockels effect) are particularly powerful, providing pure 
phase modulation at high speed, thereby enabling the generation of high-quality 
optical data signals based on advanced modulation formats [16,87,88]. Pockels-
effect modulators can be broadly subdivided in two categories: The first one 
comprises conventional devices, where optical waveguides are directly 
fabricated in crystalline or amorphous EO materials. This approach is used for, 
e.g., LiNbO3 devices [38], all-polymer modulators [89], or devices based on III-
V compound semiconductors [90,91], which often exploit a combination of the 
Pockels effect and other phase modulation mechanisms such as the quantum-
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confined Stark effect (QCSE) or the Franz Keldysh effect. More recently, a 
second category of devices has emerged, relying on hybrid integration 
approaches that combine Pockels-type EO materials with dielectric or 
plasmonic waveguide structures that do not feature any EO activity. This 
approach is often used to overcome the intrinsic lack of second-order 
nonlinearities in otherwise highly attractive material systems such as the silicon 
photonics platform. Examples of this category comprise the concepts of silicon-
organic hybrid (SOH) [15,92,93] and plasmonic-organic hybrid (POH) [94–96] 
devices, that combine organic EO (OEO) materials with silicon photonic or 
plasmonic waveguide structures or other approaches that exploit hybrid 
combinations of lithium-niobate (LiNbO3) thin films [97] or barium-titanate 
(BaTiO3) layers [98] with silicon-on-insulator (SOI) waveguides. 

In all of these cases, one of the most important design goals is to achieve high 
modulation efficiency, i.e., large phase shifts for low operating voltages and 
small device lengths, along with low optical insertion loss. For Mach-Zehnder 
modulators (MZM), the modulation efficiency can be quantified by the product 
UπL of the phase shifter length L and the voltage Uπ that is required to achieve 
a phase shift of π between the optical signals at the output of the MZM  
arms [15]. For Pockels-effect modulators based on dielectric waveguides, the 
lowest demonstrated UπL-product amounts to 0.5 Vmm, achieved in an SOH 
device that combines a silicon photonic slot waveguide with the OEO 
chromophore DLD164 [99]. For plasmonic waveguides, even lower values 
down to UπL = 0.05 Vmm can be achieved [100]. However, while these devices 
feature large electro-optic bandwidths [101], they suffer from intrinsic 
propagation losses, which limit the range of practical device lengths to a few 
tens of micrometers [15,100]. This effect can be quantified by the product aUπL 
which combines the π-voltage Uπ, the phase shifter length L, and the waveguide 
propagation loss a measured in dB/mm. Previously demonstrated values of 
aUπL amount to 2.8 VdB for SOH devices [99], indicating that a phase shifter 
section with length L and insertion loss aL = 1 dB requires an operating voltage 
of 2.8 V for a phase shift of π. For the previously mentioned POH devices [100], 
this number amounts to 25 VdB.  

In principle, all these performance parameters can be improved by using 
Pockels-type materials that feature strong electro-optic activity, quantified by 
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large EO figures of merit n3r, where n is the refractive index and r the EO 
coefficient. However, it is equally important that the materials offer good 
processing properties and allow easy application to efficient and high-speed 
phase shifter structures such as slot waveguides. The importance of fulfilling 
both requirements may be illustrated by the example of silicon-based BaTiO3 

modulators: These devices exhibit record-high in-device EO figures of merit of 
up to n3r = 3200 pm/V [98,102], but feature rather high voltage-length products 
in excess of UπL = 13.5 Vmm. Moreover, BaTiO3 modulators still suffer from 
low modulation speeds, with highest data rates below 1 Gbit/s [102]. The 
limited performance of these devices is directly linked to the complexity of the 
growth process of crystalline BaTiO3, which can only be used in combination 
with rather simple phase shifter structures based on conventional strip 
waveguides.  

In contrast to that, OEO materials are widely applicable and compatible to a 
wide variety of integration platforms and device structures, enabling high-speed 
modulators with record performance parameters [18,81,103,104] and data rates 
of up to 400 Gbit/s [16]. The materials can be easily spin-coated, micro-
dispensed or printed in high-throughput processes. For devices based on OEO 
materials, the largest in-device EO figure of merit reported so far amounts to 
n3r33 = 1220 pm/V (n3r33 = 2040 pm/V) at a wavelength of λ0 = 1.55 µm 
(λ0 = 1.25 µm), achieved for an organic binary-chromophore compound in a 
POH modulator [105].  

Here we demonstrate that even higher EO figures of merit of up to 
n3r33 = 2300 pm/V at λ0 = 1.55 µm can be achieved. The results were obtained 
in an SOH modulator that uses the organic EO material JRD1 [41] as a cladding. 
To the best of our knowledge, this is the highest in-device EO figure of merit 
ever achieved in a high-speed Pockels-type modulator at any operation 
wavelength. The devices feature UπL-products down to 0.32 Vmm – the lowest 
value ever achieved for a modulator based on low-loss dielectric waveguides. 
We measure a aUπL-product of 1.2 VdB, which is on par with the lowest values 
reported so far [91]. The viability of the device is demonstrated by generation 
of on-off-keying (OOK) signals at a data rate of 40 Gbit/s. For a peak-to-peak 
operation voltage as low as Upp = 140 mVpp, we obtain high-quality signals with 
measured Q factors in excess of 8. 
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3.2 SOH modulator concept and material design 

The concept of an SOH phase shifter is depicted in Figure 3.1(a). The device 
comprises a silicon (Si) slot waveguide formed by two 240 nm wide and 220 nm 
high Si rails that are separated by a narrow slot, which is filled by the OEO 
material. An electrical connection between the Si rails and the aluminum (Al) 
transmission lines is achieved by 70 nm high doped Si slabs and Al vias. Both 
optical and RF field are tightly confined in the slot region, leading to a strong 
modal overlap in the OEO material and hence to highly efficient phase 
modulation. The waveguide structures are fabricated on standard silicon-on-
insulator (SOI) wafers in a commercial silicon photonic foundry process using 
standard 248 nm deep-UV (DUV) lithography. As an OEO cladding, we use the  

neat chromophore material JRD1 [41], which is locally deposited on the slot 
waveguides in a dedicated post-processing step. The molecular structure of 
JRD1 is displayed in Figure 3.1(b). The material is the result of theory-guided 
optimization of the previously used OEO chromophore YLD124 [104]. Both 
materials share common donor and acceptor groups that are separated by a π-
conjugated bridge. Due to this common chromophore core, both materials show 
a very similar molecular hyperpolarizability [106]. However, JRD1 features 
bulky phenyl side groups denoted as R1 in Figure 3.1(b), rather than methyl 
groups as used in YLD124. The bulkier side groups significantly increase the 
intermolecular distance of neighboring chromophores, which reduces the 
strength of detrimental dipole-dipole interactions that promote centrosymmetric 
pairing of chromophores [107]. As a result, JRD1 chromophores can be used in 
high number densities without a polymer host [107], while still maintaining high 
molecular mobility during electric-field poling and avoiding unwanted 
centrosymmetric pairing of chromophores. This leads to large EO figures of 
merit of n3r33 = 3850 pm/V in bulk samples of JRD1 [41] – more than a 2-fold 
increase compared to YLD124 [41]. Note that the glass-transition temperatures 
of JRD1 (Tg = 82°C) and YLD124 (Tg = 81°C) are comparable [42]. For the 
JRD1-coated SOH modulator presented in this work, thermally induced 
relaxation of the chromophore orientation at room temperature does not impair 
the device performance significantly: A π-voltage increase of about 5% was 
recorded one week after the poling of the device. Thermal relaxation is most 
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pronounced during the first few hundred hours [20,108], and a much weaker 
growth of Uπ is expected for longer storing times. Thermal stability at elevated 
temperatures without significant impairment of the EO activity can be achieved 
by modifying the material JRD1 with crosslinking agents which enable post-
poling lattice hardening. This approach has led to similar classes of OEO 
materials with a Tg of up to 250°C [109].  

Note that the field enhancement of the optical mode in the silicon photonic slot 
waveguide leads to high intensities, which may damage the electro-optic 
chromophores. However, this effect is directly linked to the presence of oxygen 
in the material. It was previously reported that photo degradation can be 

Figure 3.1: Concept of a silicon-organic hybrid (SOH) phase shifter. (a) Device principle. The 
phase shifter comprises a Si slot waveguide formed by a pair of Si rails. The slot is filled with an 
organic electro-optic (OEO) material. The rails are electrically connected to an aluminum (Al) 
transmission line via doped Si slabs and Al vias, such that an externally applied voltage Ud drops 
entirely across the narrow slot. At the same time, the optical mode is tightly confined to the OEO 
material in the slot, resulting in highly efficient phase modulation. (b) Molecular structure of the 
employed OEO material JRD1 and of the previously used material YLD124 [104]. Compared to 
YLD124, JRD1 features bulky phenyl side groups denoted as R1, which decrease inter-molecular 
interactions and thus increase molecular mobility during electric-field poling. This is 
instrumental for achieving ultra-high in-device EO activity. 
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prevented operating the device in an oxygen-free atmosphere [19,20]. This can 
be achieved by appropriate sealing techniques. 

3.3 Device preparation and characterization 

For our experimental demonstration, we use Mach-Zehnder type SOH 
modulators rather than the phase modulator shown in Figure 3.1(a). The concept 
of an SOH Mach-Zehnder modulator (MZM) is schematically depicted in 
Figure 3.2(a). The coplanar transmission line is realized in a ground-signal-
ground (GSG) configuration. Light is coupled to and from the chip via grating 
couplers (GC), and a multi- mode interference coupler (MMI) is used to split 
and combine the light of the two arms of the MZM. Figure 3.2(b) shows a cross-
section of the two MZM arms at the position indicated by the dash-dotted line 
A-A’ in Figure 3.2(a). Each MZM arm comprises an SOH phase shifter with a 
JRD1 cladding. The material is deposited in solution, thus the EO chromophores 
are randomly oriented after deposition. An average acentric orientation and thus 
a macroscopic EO effect is obtained by a one-time electric-field poling  
process [56]. To this end, the chip is heated close to the glass-transition 
temperature of JRD1 (Tg = 82°C), and a DC poling voltage Upol is then applied 
across the floating ground electrodes, inducing an electric poling field Epol 
(green arrows) in the EO material which aligns the dipolar chromophores. This 
order is frozen by cooling the device to room temperature while maintaining the 
poling field. The device enables simple push-pull-operation: An RF voltage 
applied to the GSG transmission line of the MZM induces electric fields in the 
slots (red arrows) that are parallel to the orientation of the EO chromophores 
(green arrows) in the right arm and antiparallel in the left arm of the MZM.  

The modulation speed of SOH devices may be limited by various aspects such 
as walk-off between the microwave drive signal and the optical wave, 
frequency-dependent RF transmission line loss, or RC limitations. Based on 
previous investigations of very similar devices [70], we expect resistance-
capacitance (RC) limitations as the dominant effects, originating from the fact 
that the slot acts as a capacitor which has to be charged and de-charged via the 
thin doped silicon slabs. To increase the bandwidth of the device, the resistivity 
of the doped silicon slabs can be decreased by generating an electron 
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accumulation layer [81]. In the experiment, this is realized by applying a gate 
voltage Ugate between the Si substrate and the ground electrode. For the 1.5 mm-
long devices used in our experiments, we have measured the electro-optic 
bandwidth at an externally applied gate field of 0.09 V/nm, leading to a 6 dB 
bandwidth of approximately 43 GHz. This bandwidth can be improved by 
further increasing the conductivity of the thin silicon slabs, which can, e.g., be 
achieved by increasing the doping concentration in these regions. To quantify 
the modulation efficiency, we measure the static π-voltage of the device, see  

Figure 3.2: Schematic of an SOH MZM and measurement of Uπ. (a) Top view. Light is coupled 
to and from the device via grating couplers (GC). The coplanar transmission line is arranged in a 
ground-signal-ground (GSG) configuration. A pair of multi-mode interference (MMI) couplers 
is used to split and recombine the light of the two MZM arms. (b) Cross section of the two arms 
of the SOH MZM at the position defined by the dash-dotted line A-A’ in (a). Each arm comprises 
an SOH phase shifter. A one-time poling process is required to achieve a macroscopic in-device 
r33 after deposition of the EO chromophores from solution. To this end, a poling voltage Upol is 
applied across the floating ground electrodes at elevated temperature close to Tg = 82°C, thereby 
inducing an electric poling field (green arrows) in the slot regions. The dipoles of the EO material 
align along the poling field in acentric order. After cooling the device down to room temperature, 
Upol is removed and the acentric order of the chromophores is conserved. For modulation, a radio-
frequency (RF) signal voltage Ud induces electric fields in the slots (red arrows) that are 
antiparallel (parallel) to the aligned chromophores in the left (right) arm of the MZM, thereby 
realizing push-pull operation. The bandwidth of the modulator can be increased by decreasing 
the resistance of the silicon slab. This is achieved by applying a gate voltage Ugate between the 
silicon substrate and the ground electrodes. (c) Low-speed triangular drive signal for the static 
Uπ measurement as a function of time. (d) Over-modulated optical signal as a function of time 
when the modulator is fed by the waveform depicted in (c). The MZM is biased in its quadrature 
point and the π-voltage Uπ can be directly read from the voltage increment needed to drive the 
device from minimum to maximum transmission. For the depicted measurements, we extract a 
π-voltage of 210 mV, corresponding to a π-voltage-length product of UπL = 0.32 Vmm. 
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Appendix A for details on the experimental setup. A low-frequency triangular 
waveform obtained from a function generator (FG) is applied to the signal 
electrode of the SOH MZM, which is fed by an optical CW signal at a 
wavelength of 1550 nm through an on-chip grating coupler. The modulated 
optical signal is detected by a low-speed photodiode (PD). Both, the output of 
the FG (blue curve) and the output of the PD (red curve) are recorded 
simultaneously by an oscilloscope, see Figure 3.2(c) and (d). The modulator is 
biased in its quadrature point, and the peak-to-peak drive voltage amplitude is 
chosen larger than the π-voltage such that the MZM is over-modulated. The π-
voltage then corresponds to the voltage difference needed to drive the MZM 
from its minimum to its maximum transmission point.   

For achieving high electro-optic activity, one of the essential parameters is the 
applied electric poling field Epol. In our experiments, we systematically varied 
this parameter and measured the resulting UπL-product for two different sets of  
devices having slot widths of 190 nm and 150 nm. The experimental results are 
summarized in Figure 3.3(a), where red crosses (blue circles) correspond to slot 
widths of 190 nm (150 nm). For both sets of devices, the measured UπL-
products first decrease with increasing Epol, then level off, and finally rise again. 
The rise is attributed to the onset of conductance, possibly in combination with 
dielectric breakdown. This can inflict permanent damage of the material, which 
is found by attempting to re-pole the two devices indicated by the red ellipse. In 
the re-poling experiment, we use moderate poling fields of 200 V/µm, leading 
to measured UπL-products of 3.5 Vmm and 4.0 Vmm. This is much worse than 
the values of approximately 1.7 Vmm that are typically achieved for this poling 
field. For both sets of devices, the lowest measured UπL-product amounts to 
0.32 Vmm, which was achieved at poling fields of 370 V/µm (430 V/µm) for 
the 190 nm (150 nm) slots. To the best of our knowledge this is the lowest value 
of UπL hitherto demonstrated for a non-resonant device based on low-loss 
dielectric waveguides. The propagation loss of the phase-shifter section 
amounts to about 3.9 dB/mm, see Appendix A.2, leading to an aUπL value of 
1.2 VdB. This is on par with ultra-low aUπL values of 1.3 VdB achieved for 
advanced InP-based phase modulators, which combine a rather large UπL-
product of 5.4 Vmm with a very low on-chip propagation loss of 2.4 dB/cm [91]. 
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Using the simulated fields of the optical and the radio frequency (RF) mode of 
the device, the measured UπL-product in Figure 3.3(a) can be linked to the in-
device EO figure of merit n3r33, see Appendix A.3 for a derivation of the 
corresponding mathematical relations. The results are shown in Figure 3.3(b), 
where the calculated n3r33 is plotted versus the applied poling field. The red 
crosses and blue circles correspond again to devices having slot widths of 
190 nm and 150 nm, respectively. Remarkably, when increasing the poling 
field, n3r33 does not exhibit a linear increase with a single slope, as typically 
observed [110]. Instead, both data sets show a steep increase in slope once a 
certain threshold poling field is exceeded. To illustrate the two distinctively 
different poling regimes, we fit a linear function to the measured n3r33 values 
below (solid line) and above (dashed line) the threshold poling field. At very 
high poling fields, we observe a roll-off and finally a drop of n3r33, which is 
attributed to the onset of conductance, possibly in combination with dielectric 
breakdown. These data points are omitted for the linear fit. The unusual 
dependency of n3r33 on Epol is still under investigation. It may be explained by 
chromophore interactions at surfaces - recent simulations have shown that 
chromophores at the sidewalls of POH slot waveguides align in parallel to these 
sidewalls and do not contribute to the EO activity [100]. As a consequence, 
poling is only effective at a sufficient distance from the surface, i.e., in the center 
of the slot region, where the chromophores are initially randomly oriented and 
become aligned during poling. Most likely, similar effects are present in SOH 
slot waveguides. It is conceivable that for sufficiently large poling fields, a 
threshold is reached that triggers the reorientation of chromophores at the 
sidewalls, leading to a steeper slope of n3r33. For a better understanding of the 
underlying mechanisms, further investigations are required and will be subject 
to a joint theoretical and experimental effort in the near future. To the best of 
our knowledge the effect has never been reported so far. We attribute this to the 
fact that in typical sample geometries the maximum applicable poling field is 
restricted to 100-200 V/µm before dielectric breakdown occurs [109,111,112]. 
This is well below the threshold poling field observed in our study. The 
outstanding stability against dielectric breakdown in SOH devices was already 
observed in previous experiments where fields above 300 V/µm could be 
applied without dielectric breakdown [104]. This was attributed to the low 
number of defects in the EO material filling the nano-scale slot. The maximum 
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calculated n3r33 is achieved for a sample with slot width of 190 nm and amounts 
to (2300 ± 170) pm/V. This result represents not only the highest material-
related in-device EO figure of merit for organic EO materials at any operating 
wavelength but also the highest in-device EO figure of merit ever achieved in a 
high-speed Pockels-type modulator. Devices with slot widths of 150 nm show 
systematically smaller values of n3r33. The largest value achieved amounts to 
only (1700±170) pm/V. We attribute this to an even higher fraction of 
chromophores near the surface than in the center of the slot, which limits the 
EO activity. The specified error bounds are dominated by the uncertainties of 
the slot width measurement and the refractive index of JRD1 in the nanoscopic 
slot waveguide, see Figure A.5 and the corresponding discussion in 
Appendix A.5. In principle, if the refractive index of the EO material is known, 
the in-device EO coefficient r33 can be calculated from the in-device EO figure 
of merit n3r33. If we assume the estimated in-device refractive index of JRD1 of 
n = 1.81 we obtain an EO coefficient r33 = 390 pm/V for the device with 190 nm 
wide slot, see Appendix A.4. However, this value has to be taken with caution, 
since the refractive index is subject to large uncertainties which are related to 
birefringence caused by poling-induced chromophore alignment and surface 
interaction with the sidewalls of the slot waveguide, see Appendix A.5. 

Note that, for a slot width of 190 nm, the reported value of the in-device n3r33 is 
close to the value reported on bulk JRD1 [41] when taking into account the 
wavelength dependency of n3r33. It is hence unlikely that increasing the slot 
width further will lead to a significant increase of the in-device n3r33. 
Additionally, larger slot widths would lead to decreased optical-electrical 
interaction, see Figure A.4 in Appendix A, and a smaller RF drive field strength 
for a given drive voltage. Accordingly, despite the reduced n3r33, the MZMs 
with 150 nm slots exhibit the same value for UπL as the devices with 190 nm 
slots, see Figure 3.3(a): The devices with narrow slot width exhibit higher drive 
field strengths as well as a larger overlap of the optical and RF mode, which 
results in a more efficient modulation and compensates the reduced n3r33. Note 
that the threshold effect is less visible in the measurement of the UπL-product 
in Figure 3.3(a) due to the inverse relation of n3r33 and UπL.  

For a benchmarking of the presented performance parameters of the SOH 
MZM, we plot the loss-efficiency product aUπL as a function of the voltage-
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length product UπL for competing state-of-the-art EO modulators, which are 
based on various concepts and technologies. The results are shown in 
Figure 3.3(c) for an operating wavelength of 1.55 µm, unless stated otherwise. 
Note that the abscissa features a linear scale for UπL < 1 Vmm and a logarithmic 
scale for UπL ≥ 1 Vmm. Ideal devices combine low values of UπL with low 
losses and hence low aUπL-products, to be found in the lower left-hand corner 
of the plot, close to the origin. Besides Pockels-effect modulators, the 
comparison in Figure 3.3(c) also includes selected high-speed InP and silicon-
based depletion-type devices. In the future, this group might be complemented 
by highly efficient accumulation-type devices [73,113], which are currently still 
subject to limited EO modulation bandwidth of a few gigahertz.  

The comparison in Figure 3.3(c) shows that modulators fabricated on the thin-
film LiNbO3 platform [114] as well as all-organic modulators [89] feature 
comparatively high UπL-products in excess of 38 Vmm, but show also low 
propagation losses. Hence, despite their large footprint, these devices exhibit 
moderate aUπL-products of around 5 VdB. For the novel BaTiO3-on-Si 
platform, MZMs with lower UπL-product of 15 Vmm have been demon- 
strated [102]. While previous device generations suffered from pronounced 
propagation losses in excess of 4.5 dB/mm, passive waveguides with losses of 
only 0.6 dB/mm were demonstrated recently [115], potentially leading to loss-
efficiency products of aUπL = 9 VdB. State-of-the-art depletion-type Si MZM 
with U-shaped pn junctions operated at 1310 nm show more efficient 
modulation with UπL-products of 4.6 Vmm and reduced aUπL-products down 
to 5.8 VdB [71]. Similar π-voltage-length products of UπL = 5.4 Vmm are 
achieved in indium phosphide (InP) based MZM [91]. At the same time, these 
devices show significantly reduced propagation losses as compared to silicon-
based depletion-type modulators, leading to very low aUπL values of only 
1.3 VdB. SOH MZM stand out due to their low UπL-products of 0.74 Vmm [116] 
and 0.5 Vmm [99], obtained by the commercial OEO material SEO100 and by 
the even more efficient neat chromophore DLD164, respectively. However, the 
propagation losses of SOH slot waveguides are also higher than the losses of 
advanced InP waveguides, leading to aUπL-products of 5 VdB and 2.8 VdB for 
the two EO materials. The SOH modulators presented in this work outperform 
these devices by exhibiting UπL-products as low as 0.32 Vmm and a 
propagation loss of about 3.9 dB/mm, which results in a aUπL-product of 
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1.2 VdB. This is on par with the aUπL-product of advanced InP modulators, 
which feature significantly higher UπL-products. The UπL-products of POH 
modulators are even smaller than those of SOH devices, with published values 
down to 0.05 Vmm [100] when the OEO material DLD164 is employed. 
However, the small UπL-products come at the price of increased propagation 
losses in the plasmonic slot waveguides, which is reflected in the increased loss-
efficiency product of typically aUπL = 25 VdB. Hence, in comparison to all 
other devices, the SOH modulator presented in this work comes closest to the 
origin, indicating an ideal combination of high modulation efficiency and low 
propagation loss of the dielectric waveguide structure. We hence expect that the 
SOH concept will have major impact on future implementations of optical 
communication systems and may also open new opportunities in ultra-fast 
photonic-electronic signal processing, where highly efficient low-loss devices 
can, e.g., enable advanced electro-optic sampling. SOH devices have previously 
been demonstrated to enable high-speed coherent [117,118] and non-coherent 
[17,18] transmission with single-polarization line rates of up to 400 Gbit/s 
(100 GBd 16QAM) [16]. 

In Figure 3.3(d) we plot the in-device EO figure of merit n3r versus UπL for 
state-of-the-art Pockels-effect EO modulators. For all depicted devices except 
the BaTiO3 modulator, the EO coefficient r refers to the r33 element of the 
corresponding EO tensor. For the BaTiO3 device, the tensor components could 
not be measured individually due to the poly-domain structure of the thin film. 
Instead, r was estimated as an effective EO coefficient by neglecting the tensor 
nature [98]. Note that the in-device EO figures of merit n3r depicted in 
Figure 3.3(d) are purely material-related and do not comprise additional 
enhancements that can, e.g., be achieved through slow-light structures  [119]. 
For a better comparison between different EO materials, we examine only the 
values obtained at the standard telecommunication wavelength of 1550 nm. 
Note that n3r is in general wavelength-dependent and usually increases towards 
smaller wavelengths.  

Due to the inverse relation of UπL and n3r, the lowest value for UπL is expected 
for the largest n3r. However, UπL additionally depends on the efficiency of the 
phase shifter geometry, the limits of which are determined also by the EO 
material processing technology.  
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The first class of EO modulators is based on crystalline materials, for which the 
implementation on well-established photonic platforms such as Si photonics 
was considered challenging and cumbersome. Recently, however, thin films of 
LiNbO3 were fabricated and bonded to various substrates such as SOI  
wafers [97]. In this approach, the EO properties of bulk LiNbO3 can be 
maintained, leading to devices with EO figures of merit of n3r33 = 330 pm/V 
[114] and with moderate π-voltage-length products of UπL = 38 Vmm. The so 
far highest in-device EO figure of merit of n3r = 3200 pm/V is realized on the 
hybrid BaTiO3-on-SOI platform [98]. Here, the crystalline BaTiO3 is grown by 
a sophisticated molecular beam epitaxy process, which requires simple phase 
shifter structures and results in moderate π-voltage-length products of 
UπL = 13.5 Vmm. Much simpler processing is achieved with OEO materials, 
which additionally open the possibility of theory-guided molecular design for 
tailoring the optical properties. All-polymer modulators reach n3r33 = 450 pm/V 
[89] when implemented in rather inefficient low index-contrast EO waveguides 
featuring UπL = 38 Vmm. More efficient modulation with UπL-products down 
to 15.6 Vmm is realized in hybrid polymer/sol-gel modulators [120]. This is on 
par with BaTiO3 modulators, while the EO figure of merit n3r33 = 490 pm/V is 
almost an order of magnitude smaller. This again indicates the advantages of 
OEO modulator concepts. Modulators based on ultra-thin silicon waveguides 
clad in thermally stable side-chain EO polymers reach n3r33 = 710 pm/V [77], 
which decreases the π-voltage-length product to 9 Vmm. The highest n3r33 for 
an SOH modulator so far was achieved with the binary chromophore organic 
glass (BCOG) PSLD41/YLD124 and amounts to n3r33 = 1200 pm/V [104], 
resulting in a UπL-product down to 0.52 Vmm. The largest in-device EO figure 
of merit for a POH modulator amounts to n3r33 = 1220 pm/V, and is achieved 
for a binary chromophore composite (BCC)  [105]. The π-voltage-length 
product amounts to UπL = 0.28 Vmm and is significantly higher than the one 
reported in [100] since a wider slot width of 200 nm was used. Note that the 
efficiency of the POH phase shifter concept comes at the price of an increased 
propagation loss, see Figure 3.3(c). The SOH modulator presented in this work 
features an in-device EO figure of merit of n3r33 = 2300 pm/V and an UπL-
product of only 0.32 Vmm. 

In general, due to the strongly dispersive nature of both the EO coefficient and 
the refractive index, the EO figure of merit can be further increased when the 
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operating wavelength shifts closer to the absorption maximum of the EO 
material. As an example, for the POH modulator discussed in [105] the in-
device n3r33 increased by roughly 50 % when the device was operated closer to 
the absorption maximum of the EO material. Similarly, a significantly higher 
in-device n3r33 can be obtained if we operate the presented SOH modulator 
closer to the absorption maximum of JRD1. For example, for an operation 
wavelength in the O-band, we expect an in-device EO figure of merit of 
approximately 4000 pm/V, which even exceeds the EO figure of merit achieved 
in bulk JRD1 samples at 1310 nm [41]. 

3.4 Data transmission experiment 

To demonstrate the viability of the SOH MZM for high-speed data transmission, 
we generate on-off-keying (OOK) signals at data rates of 40 Gbit/s. The 
experimental setup is shown in Figure 3.4(a). A pseudo random bit sequence of 
length 215-1 at 40 Gbit/s is obtained from an arbitrary waveform generator 
(AWG) and applied to the device by a microwave probe without further 
amplification. The MZM is biased at its quadrature point and terminated by an 
external 50 Ω impedance in order to reduce reflections of the RF field. 

An erbium-doped fiber amplifier (EDFA) after the MZM amplifies the optical 
signal to a constant power of 8 dBm. A 0.6 nm bandpass filter (BP) is used to 
suppress the amplified spontaneous emission noise of the EDFA. The optical 
signal is then detected by a high-speed photodiode and a real-time oscilloscope. 
The oscilloscope features a memory size of 2 Gpts and a sampling rate of 
80 GSa/s, which results in a maximum recording time of 25 ms. For a data rate 
of 40 Gbit/s, this corresponds to a maximum number of 1×109 recorded bits. 
We are hence limited to measuring a bit error ratio (BER) of BER ≥ 10−8 [121]. 
In contrast to that, the Q factors of the recorded eye diagrams indicate BER 
values below this limit. Therefore we use the Q factor to characterize and 
compare the signal quality across the various signaling experiments.  

The total fiber coupling losses amount to 8.9 dB, and the optical on-chip 
insertion loss of the MZM adds another 8.2 dB. The on-chip losses are caused 
by non-ideal MMI-couplers, lossy Si strip waveguides and strip-to-slot 
converters. The Si slot waveguide propagation losses amount to about 
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3.9 dB/mm and are mainly attributed to the sidewall roughness of the slot. It can 
hence be assumed that more advanced lithography processes will allow to 
further reduce these losses in the future. In fact, it has been already shown that 
asymmetric strip-loaded Si slot waveguides with propagation losses as low as 
0.2 dB/mm can be realized [122].  

The device used for the data transmission experiment features a Uπ of 270 mV. 
In the following experiments we use 130 µs-long recordings, containing 
roughly 5 × 106 symbols. Without any equalization and for a peak-to-peak drive 
voltage of 140 mVpp, we obtain a measured Q factor of 5.8, see Figure 3.4(b). 
The energy consumption amounts to 2.5 fJ/bit and is dominated by the power 
dissipation in the 50 Ω terminating resistor. Operating the device without the 
terminating resistor, i. e., as a purely capacitive load as in [99], would further 
reduce the energy consumption. In this case, bandwidth is traded for energy 
consumption. Note that, since the drive voltage is below the actual Uπ of the 
device (270 mV), the extinction ratio of 5 dB (ER = 3.2) as measured from the 
eye diagram is moderately high, leading to a power penalty of 
10 log10((ER+1)/(ER‑1)) = 2.8 dB These numbers can be improved by 
increasing the drive voltage, which increases the extinction ratio and the 
modulation amplitude at the output, but not the modulation loss. The eye 
diagram without equalization and for a peak-to-peak drive voltage of 260 mVpp 
is depicted in Figure 3.4(c). It shows a wider opening with a measured Q factor 
of 7.0. The energy consumption amounts to 8.5 fJ/bit. The extinction ratio 
increases to 8.2 dB with a reduced power penalty of only 1.3 dB. This is on par 
with silicon pn modulators operating at the same symbol rate, where extinction 
ratios in the range of (7…10) dB are achieved [123–125]. However, the UπL-
product for the SOH modulator is at least an order of magnitude smaller than 
for pn modulators with a comparable extinction ratio. Note that the static 
extinction ratio is typically 20 dB to 25 dB higher than the measured one for 
40 Gbit/s OOK. This is due to inter-symbol interference caused by the limited 
modulator bandwidth, and by detected optical noise. The high static extinction 
ratios in excess of 30 dB are also key to ensure low-chirp operation of push-pull 
MZM  [126]. In general, static extinction ratios of better than 30 dB lead to a 
chirp parameter α(c) ≤ 0.1, assuming perfect push-pull operation. This 
estimation is in good accordance with direct chirp measurements of similar 
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SOH devices [18] and compares favorably with typical pn modulators featuring 
chirp parameters in the range of 0.8 [74]. 

The signal quality of the recordings shown in Figure 3.4(b) and (c) can be 
improved by an adaptive filter at the receiver to equalize the detected signals. 
The filter takes into account the frequency response of the whole signal path 

Figure 3.4: Data transmission experiments. (a) Schematic of the experimental setup. Signals 
obtained from an arbitrary waveform generator (AWG) are fed to the MZM via microwave 
probes. The optical carrier provided by an external-cavity laser (ECL) is coupled to and from the 
chip by grating couplers (GC). The modulated light is amplified by an erbium doped fiber 
amplifier (EDFA), filtered using a band pass filter (BP), and detected by a high-speed photodiode 
(PD) connected to a real-time oscilloscope for recording eye diagrams. (b) Measured eye diagram 
at 40 Gbit/s for a peak-to-peak drive voltage of 140 mVpp without equalization. The measured Q 
factor amounts to 5.8 and the extinction ratio (ER) amounts to 5.0 dB. (c) Measured eye diagram 
at 40 Gbit/s for a peak-to-peak drive voltage of 260 mVpp without equalization. Both the Q factor 
and the ER are increased and amount to 7.0 and 8.2 dB, respectively. (d) Measured eye diagram 
at 40 Gbit/s for a peak-to-peak drive voltage of 140 mVpp after equalization. From the measured 
Q factor of 8.2 we estimate a bit error ratio (BER) of 1×10-16. (e) Measured eye diagram at 
40 Gbit/s for a peak-to-peak drive voltage of 260 mVpp after equalization. We measure a high Q 
factor of 11. 
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including the AWG, the RF cables, the microwave probes, the SOH modulator, 
the photodiode, and the oscilloscope. The resulting eye diagrams are shown in 
Figure 3.4(d) and Figure 3.4(e) for peak-to-peak drive voltages of 140 mVpp and 
260 mVpp, respectively. For the 140 mVpp recording, we obtain a measured Q 
factor of 8.2. Assuming that after equalization the inter-symbol interference is 
negligible and that the signal is impaired by additive white Gaussian noise only, 
this Q factor would lead to a calculated BER of 1 × 10-16, which is well below 
the 10-9 limit for error-free transmission. To the best of our knowledge, 
140 mVpp is the smallest peak-to-peak drive voltage ever reported for a system 
demonstration that achieves comparable Q factors at 40 Gbit/s. For the peak-to-
peak drive voltage of 260 mVpp we achieve an even better signal quality with a 
measured Q factor of 11. 

3.5 Summary and Outlook 

We demonstrate a silicon-organic hybrid (SOH) Mach-Zehnder modulator 
(MZM) featuring an ultra-high in-device electro-optic (EO) figure of merit of 
n3r33 = 2300 pm/V by employing the highly efficient EO chromophore JRD1. 
This is the highest material-related value ever achieved in a high-speed Pockels-
type modulator at any operating wavelength. The reported n3r33 is a factor of 
two larger compared to previously published values for SOH or plasmonic-
organic hybrid (POH) modulators operating at the same wavelength of  
1550 nm [104,105]. The devices feature ultra-small voltage-length products 
down to UπL = 0.32 Vmm along with loss-efficiency products of 
aUπL = 1.2 VdB. Devices as short as 320 µm may hence be directly driven from 
binary outputs of energy-efficient CMOS electronics [116], providing voltage 
swings of the order of 1 V. For these devices, optical propagation losses in the 
phase shifter sections would amount to less than 1.5 dB, leading to total 
insertion losses of less than 2 dB when assuming existing implementations of 
strip-to-slot mode converters [127] and MMI couplers [128] without any further 
optimization. This compares favorably to competing device concepts such as 
silicon-based depletion-type pn modulators [129,130] or POH devices [100]. 
The viability of the presented modulator is demonstrated by generating OOK 
signals at a data rate of 40 Gbit/s. We obtain high-quality signals with a 
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measured Q factor of 8.2 for an ultra-low peak-to-peak drive voltage of only 
140 mVpp. 

[end of paper [J1]] 
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4 Low-loss, small footprint SOH 
modulators for high-speed signaling 

The following section demonstrates compact SOH Mach-Zehnder modulators 
with sub-1 dB phase-shifter insertion loss and achieved line rates up to 
200 Gbit/s. It is taken from a publication in Optics Express [J2]. To fit the 
structure and layout of this document, it was adapted accordingly. The 
associated supplementary information is found in Appendix B. 

For this publication Clemens Kieninger (Cl.K.) and Yasar Kutuvantavida 
formulated the EO material and coated the SOH modulators. Cl.K. optimized 
the poling efficiency of the devices and performed the π-voltage 
characterization of the poled devices. Cl.K. further simulated the optical and 
electric fields in the SOH modulator for the calculation of the in-device EO 
coefficient and performed and evaluated the optical loss measurements. Cl.K., 
Christoph Füllner, Heiner Zwickel and Juned N. Kemal performed and 
evaluated the high-speed data transmission experiments. Delwin L. Elder and 
Larry R. Dalton developed the EO material. The work was supervised by 
Wolfgang Freude (W.F.), Sebastian Randel and Christian Koos (Ch.K.). The 
paper was written by Cl.K., W.F. and Ch.K. All authors revised the paper.    
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We report on compact and efficient silicon-organic hybrid (SOH) Mach-
Zehnder modulators (MZM) with low phase-shifter insertion loss of 0.7 dB. The 
280 µm-long phase shifters feature a π-voltage-length product of 0.41 Vmm and 
a loss-efficiency product as small as aUπL = 1.0 VdB. The device performance 
is demonstrated in a data transmission experiment, where we generate on-off-
keying (OOK) and four-level pulse-amplitude modulation (PAM4) signals at 
symbol rates of 100 GBd, resulting in line rates of up to 200 Gbit/s. Bit error 
ratios are below the threshold for hard-decision forward error correction (HD-
FEC) with 7 % coding overhead, leading to net data rates of 187 Gbit/s. This is 
the highest PAM4 data rate ever achieved for a sub-1 mm silicon photonic 
MZM. 

4.1 Introduction 

Electro-optic (EO) Mach-Zehnder modulators (MZM) are key building blocks 
of optical communication systems. Ideal devices should combine small π-
voltages Uπ with small device lengths L while offering low optical loss in the 
underlying phase shifters. These quantities are subject to various trade-offs, 
which can be described by two figures of merit: The π-voltage-length product 
UπL and the loss-efficiency product aUπL, where a is the phase-shifter 
propagation loss measured in dB/mm [15,131]. In practical devices, it is 
challenging to simultaneously minimize both quantities. For example, ultra-low 
loss-efficiency products of 0.5 VdB were recently achieved in thin-film lithium-
niobate (LiNbO3) MZM [132]. However, while these devices offer bandwidths 
up to 100 GHz and lend themselves to high-speed signaling [132], the efficiency 
is fundamentally limited by the comparatively low EO coefficient of LiNbO3. 
This results in rather high UπL products of more than 20 Vmm such that low 
drive voltages can only be achieved in cm-long devices. Much shorter device 
lengths can be realized by using semiconductor-based MZM. For example, 
4 mm-long indium-phosphide-(InP-)based MZM with bandwidths of 80 GHz 
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were demonstrated [133]. The devices have low aUπL products down to 
0.9 VdB, but the UπL products still amount to 6 Vmm, making sub-millimeter 
InP modulators with low drive voltages hard to realize. In addition, InP-based 
photonic integrated circuits (PIC) rely on rather expensive fabrication processes 
on small wafers. Silicon photonic (SiP) devices can overcome this deficiency, 
exploiting sophisticated high-yield fabrication processes on large-area 
substrates. However, silicon does not exhibit any Pockels-type second-order 
nonlinearity due to its inversion-symmetric crystal lattice and the associated 
symmetry properties of the second-order nonlinear susceptibility tensor  
χ(2) [6,134]. Thus, SiP MZM have to rely on phase shifters that exploit the 
plasma dispersion effect, e.g., by means of reverse-biased pn-junctions that are 
integrated into the optical waveguides. To increase the efficiency of these phase 
shifters, high doping concentrations are needed, which increases the optical  
loss [8]. This trade-off leads to rather high loss-efficiency products, which 
amount to, e.g., aUπL = 5.8 VdB for best-in-class depletion-type phase shifters, 
which still feature substantial UπL products of 4.6 Vmm [71]. Photonic devices 
made from dielectric waveguides can be supplemented by metallic structures to 
exploit surface plasmon polaritons for enhanced light-matter interaction. This 
effect was, e.g., used for high-resolution fluorescence microscopy [135], for 
high-speed and compact photo detectors [136] and may also open a route 
towards efficient extraction of light from quantum-dot emitters [137]. For EO 
modulators, this approach is exploited in plasmonic-organic hybrid (POH) 
MZM, which combine plasmonic slot waveguides with highly efficient organic 
EO materials. These devices offer ultra-efficient modulation with small UπL 
products down to 0.05 Vmm [100] and bandwidths of hundreds of  
GHz [138,139]. However, the plasmonic phase-shifter structure is intrinsically 
linked to strong optical absorption loss, which leads to aUπL products of more 
than 20 VdB [100]. A modulator technology which simultaneously minimizes 
both the π-voltage-length product and the loss-efficiency product is hence still 
lacking.  

In this paper, we expand on our recent research [140] and show silicon-organic 
hybrid (SOH) MZM that combine low UπL products of 0.41 Vmm with aUπL 
products of 1.0 VdB. The MZM rely on 280 µm-long phase shifters and thus 
offer a small footprint, while the optical insertion loss of the phase shifters 
amounts to only 0.7 dB. To the best of our knowledge, this is the lowest phase-
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shifter loss reported so far for a high-speed MZM on the SiP platform. The high-
speed performance of the modulator is demonstrated by generating OOK and 
PAM4 signals at symbol rates of 100 GBd, resulting in a line rate (net data rate) 
of up to 200 Gbit/s (187 Gbit/s) with a bit error ratio (BER) below the 7% HD-
FEC limit. To the best of our knowledge, this is the highest PAM4 data rate so 
far achieved with a sub-1 mm SiP modulator [141,142]. The low insertion loss 
and the ability to co-integrate SOH phase shifters with the full portfolio of 
standard SiP devices makes the concept not only attractive for conventional 
optical communications, but also for emerging applications in the fields of 
quantum optics [143,144] or solid-state LiDAR [145]. 

4.2 SOH modulator principle 

The waveguide structure of SOH modulators is fully compatible with standard 
fabrication processes of commercial SiP foundries. Specifically, the modulators 
used in this work were fabricated by UV lithography on 200 mm silicon-on-
insulator wafers at A*Star Institute of Microelectronics (IME) in Singapore. 
Figure 4.1(a) shows a false-colored top-view micrograph of an SOH MZM. The 
aluminum (Al) contact pads (yellow) in the top metal layer are connected by Al 
vias to a coplanar transmission line in ground-signal-ground (GSG) 
configuration. The optical path is highlighted in blue: We use grating couplers 
(GC) to the left and the right of the device to couple light to and from the SiP 
chip. Strip waveguides connect the GC with the SOH MZM where 2×2 
multimode interference couplers (MMI, not visible, approximately 30 µm long) 
equally split and combine the incoming and outgoing light to and from the two 
arms of the MZM. The MZM arms contain 280 µm-long phase-shifter sections, 
which are realized as slot waveguides that are clad with an organic EO (OEO) 
material (green) in a back-end-of-line post-processing step. Strip-to-slot and 
slot-to-strip waveguide mode converters (not visible in Figure 4.1(a), 
approximately 30 µm long) are used for an efficient transition between the 
standard silicon strip waveguides and the slot waveguide at the input and the 
output of the phase-shifter sections [127]. For our current devices, the width of 
the MZM is dictated by the Al contact pads, having a 100 µm pitch, which leads 
to an overall footprint of approximately 600 µm × 300 µm per MZM. Note, 
however, that the contact pads are currently oversized to facilitate contacting by 
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microwave probes and that their size could be considerably reduced in a 
packaged device. The pads could be even removed entirely if the device is 
directly co-integrated with CMOS electronics, leading to footprints of 400 µm 
× 60 µm or less for the MZM including the phase shifters, the MMI, and the 
mode converters. 

Figure 4.1(b) shows a schematic cross section of the phase-shifter section. The 
position of the cross section is indicated by the black dashed-dotted line labelled 
A−A’ in Figure 4.1(a). The optical slot waveguide is formed by two Si rails with 
width wrail ≈ 240 nm and height hrail ≈ 220 nm separated by the slot with a width 
of wslot ≈ 130 nm. The rails are electrically connected to the GSG transmission 
line in the bottom metal layer by n-doped Si slabs with height hslab ≈ 70 nm. A 
2 µm-thick buried silicon-dioxide layer (BOX) separates the waveguides from 
the silicon substrate. The 3 µm-thick SiO2 top cladding covers the whole chip 
and is selectively opened above the phase-shifter sections for deposition of the 
highly efficient OEO material JRD1 [41]. The contact pads remain uncovered 
to ensure reliable contacting with microwave probes. In our experiments, the 
OEO material is dissolved in trichloroethene and applied to the SiP chips 
using a manual micro-dispensing tool. The remaining solvent is removed from 
the deposited material by baking the SiP chip for 20 min at 60 °C. After 
deposition, the OEO chromophores are randomly oriented, and no macroscopic 
EO activity can be observed. An average acentric orientation of the molecules 
and thus a macroscopic EO activity can be induced in a one-time poling process. 
To this end, we heat the material to the glass-transition temperature to increase 
the molecular mobility. We then apply a DC poling voltage Up across the 
floating ground electrodes. In our experiments, the poling voltage amounts to 
140 V and drops in equal parts across the two 130 nm-wide slots. This leads to 
electric poling fields of around 530 V/µm in each slot, thereby aligning the 
dipolar chromophores (green arrows). This results in an average acentric 
orientation, which is maintained when cooling down the material while keeping 
the poling field applied. At room temperature, the chromophores have lost their 
mobility, and the poling voltage can be removed. For the devices presented here, 
the entire poling procedure takes roughly 35 min including heating and cooling 
of the chip. For mass production of SOH devices, the throughput could be 
increased by poling many SOH devices in parallel during a single poling 
process. When an RF drive voltage Ud is applied to the GSG transmission line, 
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the electric fields in both arms point in opposite directions (red arrows). This 
results in a push-pull operation of the MZM, which reduces undesired phase 
modulation (chirp) of the modulated optical signal [17,18].  

In general, SOH modulators stand out due to ultra-low UπL products, which 
results from a combined effect of the phase-shifter structure and the high EO 
activity of the organic material. Specifically, both the electrical and the optical 
mode fields are tightly confined to the OEO material in the slot, which leads to 
a high field interaction factor [15]. The optical confinement to the slot results 

Figure 4.1: Silicon-organic hybrid (SOH) modulator concept and structure. (a) False-color top-
view micrograph of an SOH Mach-Zehnder modulator (MZM). Grating couplers (GC) and 
optical waveguides to the MZM are drawn in blue. To split and recombine the light in the two 
arms of the MZM we use multi-mode interference (MMI) couplers, which are hidden below the 
contact pads (yellow). The electrical signal is applied via a coplanar transmission line in ground-
signal-ground (GSG) configuration, from which only the top-layer contact pads are visible. The 
OEO material (green) is deposited by a micro-dispensing tool and serves as the cladding for the 
SOH slot waveguide. The black dashed-dotted line labeled A-A’ indicates the position of the 
cross section shown in (b). (b) Cross section A-A’. In each arm, two Si rails (width 
wrail ≈ 240 nm, height hrail ≈ 220 nm) define an optical slot waveguide (slot width wslot ≈ 130 nm), 
which is filled with the OEO material JRD1 [41]. The rails are electrically connected to the GSG 
transmission line by doped Si slabs (slab height hslab ≈ 70 nm). Aluminum vias connect the 
bottom-layer transmission line to the top-layer contact pads. For poling, the OEO material is 
heated and a voltage Up is applied across the floating ground electrodes, thereby aligning the 
dipolar molecules (green arrows). By cooling the chip, the EO chromophores are frozen in the 
aligned orientation, and the poling voltage can be removed. After poling, a modulating drive 
voltage Ud induces electric fields in the slots (red arrows) which are parallel to the poling 
direction in one arm and anti-parallel in the other arm, thus resulting in efficient push-pull 
operation of the MZM. To compensate for an insufficient doping concentration in the Si slabs, a 
gate voltage Ugate is applied to induce an electron accumulation layer in the silicon slabs. For 
properly adjusted doping profiles, the gate voltage becomes obsolete [80]. 
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from the field enhancement in the low-index OEO material at the interface to 
the high-index Si rails [146]. The electrical mode is also strongly confined to 
the slot, because a signal voltage Ud applied to the GSG transmission line drops 
essentially across the slot. For a given signal voltage, this results in large electric 
driving fields of about Ud/wslot experienced by the OEO material, leading to a 
strong Pockels-type phase shift.  

The currently used MZM still suffer from a low doping level in the silicon slabs, 
which leads to high RC time constants and hence limits the bandwidth of the 
phase shifters. In the 100 GBd signaling experiments presented in this work, we 
emulate higher doping concentrations by applying a gate voltage Ugate between 
the Si base wafer and the silicon-on-insulator (SOI) device layer. The gate 
voltage induces an electron accumulation in the device layer and thereby 
increases the slab conductivity [81]. For our signaling experiments, we use a 
gate field of 0.1 V/nm, which we generate by applying a rather high gate voltage 
of Ugate = 200 V across the 2 µm-thick BOX layer. Note that this gate voltage 
can be reduced to CMOS-compatible levels of the order of 1 V by using a top 
gate with a nanometer-thin oxide on the Si slabs [147]. Alternatively, the gate 
voltage can be omitted entirely once the doping profiles are optimized [80]. 

Note that the employed OEO material JRD1 is primarily optimized for high 
efficiency and still has a relatively low glass-transition temperature of 
Tg = 82 °C [42], which renders the material susceptible to thermal relaxation at 
temperatures close to Tg. We still chose JRD1 as a readily available material to 
demonstrate efficient low-loss SOH devices in our current experiments. When 
used in cryogenic applications [148–150], thermal relaxation should not 
represent a problem. At room temperature, poled JRD1 in SOH devices is still 
reasonably stable. For testing our devices, we performed the data transmission 
experiment on the day after poling, but this is actually not crucial. Specifically, 
in a previous investigation [140], we measured a small increase of the π-voltage 
of only 5 % after storing an SOH device functionalized with JRD1 for one week 
at room temperature. Taking into account that thermal relaxation is usually most 
pronounced during the first few hundred hours after poling [20,108,151], we 
expect a slower increase of Uπ which might eventually stall for longer storing 
times. Still, for long-term stable devices operated at elevated temperatures, a 
higher Tg is required. We have recently used a side-chain polymer with 
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Tg = 172 °C and demonstrated SOH devices, which showed thermal stability at 
85 °C for more than 2000 h [151]. However, high-Tg materials are typically less 
efficient. A way out of the tradeoff between thermal stability and modulation 
efficiency is cross-linking of the EO chromophores. For this procedure, the core 
of an efficient chromophore is modified by crosslinking agents, which enables 
lattice hardening after the poling step [109]. For an OEO material similar to 
JRD1, this approach has recently been shown to lead to a high glass-transition 
temperature of 160 °C while maintaining a large EO coefficient of 300 pm/V 
[46]. An additional challenge is photochemical degradation if the material is 
exposed to high optical intensities. However, the effect is related to the presence 
of oxygen such that the OEO material may be protected from degradation by 
hermetically sealing the modulator by an oxygen blocking sealant [19,20].   

4.3 Determination of π-voltage 

To determine the π-voltage of the devices, we use the setup shown in 
Figure 4.2(a). The SOH MZM is fed by an optical carrier at 1550 nm from an 
external-cavity laser (ECL), which is coupled to the device via a grating coupler 
(GC). The device is driven by a triangular waveform at a frequency of 1 kHz 
that is provided by a function generator (FG) and coupled to the chip via DC 

Figure 4.2: Characterization of the SOH MZM. (a) Setup for measuring the π-voltage Uπ. A 
1 kHz triangular waveform from a function generator (FG) is used to drive the modulator in 
push-pull mode. Light from an external-cavity laser (ECL) is coupled to the SOH MZM. A 
photodiode (PD) detects the modulated light. An oscilloscope (Scope) monitors both the drive 
voltage (red) and the photocurrent (blue). (b) Recorded time traces of the applied drive voltage 
(red) and the output signal of the photodetector (blue). The π-voltage is determined from the 
voltage increment required to drive the modulator between minimum and maximum 
transmission. 
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probes. The modulated light is coupled to a fiber and detected by a photodiode 
(PD), which is connected to an oscilloscope (Scope) to simultaneously monitor 
the MZM output power (blue line) and the drive voltage (red line). If the peak-
to-peak amplitude of the drive voltage exceeds the π-voltage Uπ, the latter can 
be directly measured from the drive voltage difference between the minimum 
and the maximum power transmission of the MZM, see Figure 4.2(b). We 
repeatedly poled and tested three MZM, leading to π-voltages of 1.48 V, 1.50 V, 
and 1.54 V. For the 1.48 V-device, the UπL product amounts 0.41 Vmm, from 
which we deduce an EO coefficient of 190 pm/V. Note that, in a previous  
study [140] using also the OEO material JRD1, we achieved slightly better UπL 
products of 0.32 Vmm and EO coefficients of 290 pm/V and 390 pm/V for 
devices with larger slot widths of 150 nm and 190 nm, respectively. The 
reduced modulation efficiency and the smaller EO coefficient for the current 
devices is attributed to the smaller slot width of 130 nm. In general, EO 
chromophores near the slot walls are mostly oriented parallel to the sidewalls 
due to surface interactions [100]. As a consequence, the volume fraction of 
perpendicularly aligned chromophores becomes smaller the narrower the slot 
is. Increasing the slot width in future devices beyond the current value of 
130 nm may thus lead to further improvements of the modulation efficiency and 
to lower drive voltages. 

4.4 Determination of insertion loss of SOH phase 
shifters 

To determine the phase-shifter insertion loss, the wavelength of the ECL is 
swept and the wavelength-dependent total transmitted optical power tot ( )P λ  at 
the modulator output is measured. In the following, the fiber-to-fiber attenuation 
of the device is specified in dB and can be calculated by 
atot(λ) = −10log(Ptot(λ)/P0), where P0 corresponds to the optical launch power. 
To de-embed the attenuation of the phase-shifter sections, we subtract the dB-
values of the attenuation of the two grating couplers (2aGC(λ)), of the feeding 
strip waveguides (aStrip), of the two MMI couplers (2aMMI(λ)), and of the strip-
to-slot and slot-to-strip mode converters (2aConv) from the overall attenuation 
(atot(λ)) of the device. The attenuation of the strip waveguides is calculated 
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according to the specification of the foundry. For all other components, we 
use suitable test structures on the fabricated wafer, see Appendix B for 
more details. 

The on-chip MZM attenuation aMZM(λ) = atot(λ) − 2aGC(λ) − aStrip of the 
bare MZM shows a strong wavelength dependence, see Figure 4.3(a). This 
is caused by the fact that the passive waveguide sections of the MZM arms 
were designed to have different lengths such that the operating point of the 
device can be set by the laser wavelength. This leads to a transmission 
characteristic in which constructive and destructive interference alternates. 
We choose wavelengths λi of constructive interference to determine the 
phase-shifter insertion loss aPS(λi) by 

PS MZM MMI Conv( ) ( ) 2 ( ) 2 .iiia λ λa a aλ    (4.1) 

The calculated insertion loss aPS(λi) varies slightly in the investigated 
wavelength range between 1510 nm and 1580 nm. We therefore specify a mean 
phase-shifter insertion loss PSa  obtained by averaging over all considered 
wavelengths λi. The procedure is illustrated in Figure 4.3(a), where the top panel 
shows the MZM attenuation aMZM(λ) = atot(λ) − 2aGC(λ) − aStrip of a typical 
imbalanced SOH MZM with 280 µm-long phase shifters(red line). We find an 
extinction ratio of around 30 dB, which is consistent for all investigated devices. 
The blue solid line indicates the losses 2aMMI(λ) + 2aConv of the MMI and the 
strip-to-slot converters in the MZM as obtained from separate test structures on 
the same wafer. The center panel shows a zoom-in of the low-attenuation 
region, in which the blue dashed line additionally indicates the converter 
attenuation 2aConv. The envelope of aMZM(λ) follows 2aMMI(λ) + 2aConv, which 
indicates that the phase-shifter section itself does not show a strong wavelength 
dependence. The bottom panel displays the phase-shifter insertion loss aPS(λi) 
(blue crosses) according to Eq. (4.1) for one single device. The error bars reflect 
the overall measurement uncertainty σmeas in dB arising from the uncertainties 
of all contributing attenuations, see Appendix A for details. The insertion loss 
of the grating couplers increases towards smaller wavelengths, leading to larger 
error bars due to smaller absolute power levels obtained in the measurement. 
The red dashed horizontal line corresponds to the wavelength average 

PS 0.55dBa  , and the associated standard deviation amounts to 

PS
0.08dB.aσ   
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To account for statistical variations, we investigate nominally identical dies 
from four different positions on the wafer, each die containing four nominally 
identical SOH MZM with 280 µm-long phase shifters. A histogram of the 
wavelength-averaged phase-shifter losses PSa  of all 16 devices is shown in 
Figure 4.3(b). By averaging over the 16 devices of the histogram, we estimate 
a mean phase-shifter loss of PS 0.6dBa   and a standard deviation of 

PS
0.5dB.aσ   Note that the rather high standard deviation is dominated by two 

outliers, which we attribute to the fact that the OEO material is filled into the 
slots by a manual process. We expect that an automated dispensing of the OEO 
material will improve these figures. This is subject to future research. 

Figure 4.3: Measurement of phase-shifter insertion loss. (a) Top panel: On-chip attenuation 
aMZM(λ) of an imbalanced SOH MZM with 280 µm-long phase shifters (red line) as a function of 
wavelength. The blue solid line represents the attenuation 2aMMI(λ) + 2aConv of the two MMI 
couplers and of the two strip-to-slot mode converters. Center panel: Zoom-in of the low-
attenuation region seen in the top panel.  The blue dashed line indicates the attenuation 2aConv. 
The envelope of aMZM(λ) follows 2aMMI(λ) + 2aConv. Bottom panel: Calculated phase-shifter loss 
aPS(λi) (blue crosses) for one device for various wavelengths λi where constructive interference 
occurs. The red dashed line corresponds to an average over the insertion losses aPS(λi) and 
amounts to  with a standard deviation of . (b) Histogram of 
wavelength-averaged phase-shifter losses  of 16 nominally identical devices from four 
different locations of the wafer. The histogram mean amounts to  (red dashed line) 
and the standard deviation is . The two outliers are attributed to the fact that the 
OEO material is filled into the slots by a manual process, and we expect that an automated 
dispensing of the OEO material will further improve the uniformity and reduce the losses. 
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In the subsequent signaling experiments, we improve the device bandwidth by 
applying a gate voltage Ugate, see Section 4.2. The gate-induced electron 
accumulation in the Si device layer improves the slab conductivity, but also 
increases the total optical insertion loss by 0.8 dB for an applied gate field of 
0.1 V/nm. Note, however, that this increase in insertion loss comprises the 
contributions of both the 280 µm-long phase shifter and the 1.3 mm-long access 
waveguides. Assuming approximately equal carrier-induced propagation losses 
in both sections, we estimate an increase of the phase-shifter loss of 
approximately 0.14 dB, leading to a still acceptable phase-shifter insertion loss 
of around (0.7 ± 0.5) dB. To the best of our knowledge, this is the lowest phase-
shifter insertion loss so far demonstrated for a high-speed MZM on the SiP 
platform, see Appendix B for a more detailed overview and a comparison to 
other state-of-the-art modulator technologies. Note also that the gate voltage 
and the associated loss can be avoided by using optimized doping profiles, 
which rely on high doping concentrations in the slabs outside the core region of 
the slot waveguide, and which lead to negligible extra insertion losses of below 
0.1 dB [80].  

There are two reasons why the phase-shifter attenuation of 0.7 dB compares 
favorably to losses of SOH devices used in previous demonstrations 
[17,18,140,151,152]. First, as compared to previous fabrication runs [17,18], 
the propagation loss of the slot waveguides has significantly improved: 
Previous devices showed propagation losses of the order of 6 dB/mm [17,18], 
whereas the devices in this work feature values down to 

PS / 2.5 dB / mma a L  . We attribute this loss reduction to improved 
fabrication processes leading to lower scattering losses in the underlying slot 
waveguides. Second, when compared to previous devices from the same 
fabrication run [140,151,152], the devices presented in this work have much 
shorter phase-shifter lengths of only 280 µm and therefore much smaller 
insertion losses. For example, previous devices from the same fabrication run 
had phase-shifter lengths in the range of 600…1500 µm, resulting in much 
higher phase-shifter losses in the range of 1.6…5.9 dB [140,151,152]. The 
straightforward approach to shorten the phase-shifter section is practical only 
for modulators with a small UπL product. Because in our case we have 
UπL = 0.41 Vmm, our 280 µm-long phase shifters can still be operated at 
CMOS compatible voltage levels, even when signaling with 100 GBd PAM4. 
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With the determined phase-shifter propagation loss coefficient of 
a = 2.5 dB/mm, together with the measured UπL product of 0.41 Vmm, we 
calculate an excellent loss-efficiency product of aUπL = 1.0 VdB, which is 
competitive with state-of-the-art EO modulators, see Table B.2 in Appendix B. 
To identify the source of the phase-shifter propagation loss, we consider three 
possible contributions: Gate-induced or doping-induced free-carrier absorption 
(FCA), scattering loss due to surface roughness of the high-index-contrast SiP 
waveguides, and absorption of photons in the organic cladding material itself. 
At a wavelength of 1550 nm, the latter can be neglected for the OEO material 
JRD1 [100]. Regarding the estimation of FCA, we exploit the fact that the 
optical loss in bulk Si is proportional to its conductivity [153], which, in our 
waveguide structures, is dominated by the effect of the gate-induced electron 
accumulation layer [80]. In our experiments, we measure 0.14 dB of gate-
voltage-dependent contribution to the optical insertion loss, while the overall 
phase-shifter loss amounts to 0.7 dB. The remaining loss of 0.56 dB is hence 
attributed to optical scattering at the rough sidewalls of the slot waveguides, 
which may be significantly reduced by further improved fabrication processes. 
In fact, slot waveguides with propagation losses down to 0.2 dB/mm were 
already shown [122]. Together with the measured UπL product of 0.41 Vmm, 
this would potentially lead to an outstanding loss-efficiency product of only 
aUπL = 0.08 VdB. 

4.5 Data transmission experiment 

We demonstrate the high-speed performance of the SOH MZM by generating 
on-off-keying (OOK) and four-level pulse-amplitude modulation (PAM4) 
signals at symbol rates of 100 GBd. The experimental setup is shown in 
Figure 4.4(a). An arbitrary-waveform generator (AWG) with a bandwidth of 
45 GHz delivers the electrical drive signal, which is boosted by an RF amplifier 
(RF amp) with a bandwidth of 55 GHz. The drive signal is coupled to the open-
ended SOH MZM by a microwave probe. The MZM is optically fed by an 
external-cavity laser (ECL), which is set to an emission wavelength of 1560 nm 
and an output power of 11.5 dBm. To compensate for the relatively high 
insertion losses of the grating couplers at the input and the output of the SOH 
MZM, we use an erbium-doped fiber amplifier (EDFA), which is followed by 
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a band-pass filter (BP, bandwidth 2 nm) to suppress amplified spontaneous 
emission (ASE) noise. A variable optical attenuator (VOA) is used to adjust the 
optical power before coupling the modulated signal to a 70 GHz photodiode 
(PD). The PD output is recorded by a real-time oscilloscope (RTO) having an 
analog bandwidth of 63 GHz and a sampling rate of 160 GSa/s. The digitized 
waveforms are post-processed offline. The digital signal processing (DSP) 
chain includes resampling, timing recovery, blind adaptive time-domain 
equalization using the Sato algorithm [154] with a filter length of 58 taps, and 
finally error counting. The signal is a pseudo random binary sequence of length 
211-1, which is mapped to OOK or PAM4 symbols and encoded onto pulses 
with a raised-cosine spectrum (roll-off factor β = 0.1). 

For a gate field of 0.1 V/nm the SOH MZM has a 3 dB EO bandwidth of 40 GHz 
when terminating the electrodes with a 50 Ω resistor. The data transmission 
experiment, however, is done without device termination. This reduces the 
bandwidth of the device, but leads to an inherent doubling of the drive voltage 
through reflection at the open end of the transmission line [99] and thus allows 
us to use a drive signal with a comparatively small peak-to-peak voltage swing 
of only 0.72 Vpp. Such signals can be generated with standard CMOS circuits, 
thereby enabling highly efficient operation of the devices without any dedicated 
driver amplifiers [116]. In our experiment, a linear digital pre-equalization of 
the drive signals is used to flatten the frequency response of the AWG and the 
RF amplifier. For a 100 GBd PAM4 signal, the peak-to-peak voltage swing at 
the amplifier output measured at a 50 Ω impedance amounts to 0.78 Vpp. This 
reduces to the above-mentioned 0.72 Vpp when taking into account the insertion 
loss of the microwave probe, which amounts to 0.7 dB at the Nyquist frequency 
of 50 GHz. For the open-ended device, this results in an effective peak-to-peak 
drive voltage of 1.44 Vpp, which is close to the modulator’s DC π-voltage of 
1.50 V. However, due to the modulator’s frequency roll-off, the MZM is still 
operated in the linear regime of its transfer function such that nonlinearities do 
not play a role. The total fiber-to-fiber attenuation of the MZM amounts to 
13.6 dB, measured without a gate voltage, and the gate-induced extra loss 
amounts to 0.8 dB. The wavelength-averaged phase-shifter loss amounts to 

PS 0.74dBa   without gate voltage, which increases by an estimated 0.14 dB 
once the gate is applied. 
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Figure 4.4(b) shows the measured bit-error ratio (BER) as a function of the 
received power. The dashed horizontal line indicates the BER threshold 
4.45 × 10−3 [155] for hard-decision forward error correction (HD-FEC) with a 
7 % overhead. For OOK and received optical powers > 1 dBm, we cannot detect 
any errors in our 12.5 µs long recordings, which contain 1.25×106 bit. We thus 

Figure 4.4: Data transmission experiments. (a) Experimental setup. An external-cavity laser 
(ECL) provides the optical carrier, which is coupled to the SOH MZM via a grating coupler. An 
erbium-doped fiber amplifier (EDFA) compensates the optical insertion loss of the grating 
couplers, and a band pass filter (BP) is used to suppress out-of-band amplified spontaneous 
emission (ASE) noise. An arbitrary-waveform generator (AWG) is used to drive the open-ended 
modulator via an RF amplifier (RF amp). A variable optical attenuator (VOA) sets the power 
level at the receiver, which consists of a high-speed photodiode (PD) connected to a real-time 
oscilloscope (RTO). Offline digital signal processing (DSP) provides post-equalization and error 
counting. (b) Measured bit error ratio (BER) as a function of the received optical power for OOK 
and PAM4 at 100 GBd. For OOK (red crosses) and received powers > 1 dBm, we do not detect 
any errors in our 12.5 µs-long recordings. The BER value remains below the threshold for hard-
decision forward error correction (HD-FEC) down to power levels of −1.4 dBm. For PAM4 (blue 
crosses), we see a power penalty of about 6 dB compared to OOK. At a received power of 
4.45 dBm, the BER is 3.6∙10-3 and stays just below the threshold for HD-FEC. (c), (d) Eye 
diagrams, corresponding BER, and histograms for 100 GBd OOK and PAM4 signals at the 
highest measured received power. 
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plot the corresponding data points at the lower edge of the diagram. For a 
received power of −1.4 dBm, the BER amounts to 1.2×10−3, which is still well 
below the threshold for HD-FEC. Figure 4.4(c) depicts the eye-diagram for 
100 GBd OOK at a received optical power of 4.8 dBm along with the 
corresponding histogram of the signal levels measured at the sampling point in 
the center of the eye. 

PAM4 is less robust against inter-symbol interference (ISI) and noise such that 
our recordings show systematically higher BER values compared to OOK with 
a power penalty of approximately 6 dB measured at the BER threshold for 
7% HD-FEC. For a received optical power of 4.5 dBm, the BER amounts to 
3.6×10−3

, which is just below the 7% HD-FEC threshold. In Figure 4.4(d), we 
depict the eye diagram for a received optical power of 4.5 dBm along with the 
histogram, which was again obtained at the temporal sampling point in the 
center of the eye diagram. The eyes are not fully open, resulting in histogram 
counts between the symbol power levels. The achieved line rate amounts to 
200 Gbit/s, corresponding to a net data rate of 187 Gbit/s. To the best of our 
knowledge, this is the highest PAM4 data rate so far demonstrated using a sub-
1 mm SiP modulator. 

4.6 Summary 

We show SOH MZM with UπL products of 0.41 Vmm and aUπL products of 
1.0 VdB. The compact devices have 280 µm-long phase shifters with optical 
insertion losses of only 0.7 dB, which corresponds to the lowest phase-shifter 
insertion loss reported so far for a high-speed MZM on the SiP platform. We 
demonstrate high-speed optical signaling by generating OOK and PAM4 
signals at symbol rates of 100 GBd, resulting in line rates of up to 200 Gbit/s. 
The measured BER values are below the 7 % hard-decision FEC limit. We 
believe that compact low-loss MZM with small UπL products are not only 
interesting for optical communications but may be also useful for applications 
requiring dense photonic integration of energy-efficient phase shifters such as 
in optical phased arrays or in the field of quantum optics. The presented device 
concept can easily be extended to in-phase/quadrature (IQ)  
modulators [16,118]. In the future, low-loss SOH devices could be also 
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embedded in even more advanced photonic circuits in which two-dimensional 
semiconductors, such as monolayers of MoS2, provide additional functionality 
[156,157]. 

[end of paper [J2]] 
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5 Long-term thermally stable SOH 
modulators 

This section reports on long-term thermally stable SOH modulators in 
accordance with Telcordia standards for high-temperature storage. It is taken 
from a publication in Optics Express [J3]. To fit the structure and layout of this 
document, it was adapted accordingly. 

For this publication Clemens Kieninger (Cl.K.) and Yasar Kutuvantavida 
formulated the EO material and coated the SOH modulators. Cl.K. optimized 
the poling efficiency in the coated devices and performed the π-voltage 
characterization as well as the electro-magnetic simulations required to 
calculate the in-device EO coefficient. Cl.K. performed the long-term thermal 
stability measurements of the SOH modulators and evaluated the associated 
data. Cl.K., Juned N. Kemal and Heiner Zwickel performed and evaluated the 
high-speed data transmission experiments. Hiroki Miura, Feng Qiu and 
Shiyoshi Yokoyama (S.Y.) developed the EO material. The work was 
supervised by Wolfgang Freude (W.F.), Sebastian Randel, S.Y. and Christian 
Koos (Ch.K.). The paper was written by Cl.K., W.F. and Ch.K. All authors 
revised the paper.    
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We report on the first demonstration of long-term thermally stable silicon-
organic hybrid (SOH) modulators in accordance with Telcordia standards for 
high-temperature storage. The devices rely on an organic electro-optic side-
chain polymer with a high glass-transition temperature of 172 °C. In our high-
temperature storage experiments at 85 °C, we find that the electro-optic activity 
converges to a constant long-term stable level after an initial decay. If we 
consider a burn-in time of 300 h, the π-voltage of the modulators increases on 
average by less than 15 % if we store the devices for additional 2400 h. The 
performance of the devices is demonstrated by generating high-quality 
40 Gbit/s OOK signals both after the burn-in period and after extended high-
temperature storage. 

5.1 Introduction 

Silicon photonics is a promising integration platform for photonic devices, 
exploiting mature CMOS processes for low-cost high-yield mass fabrication of 
densely integrated photonic circuits that are ideally suited for high-volume 
applications such as optical communications [68]. However, due to the centro-
symmetric crystal lattice of silicon (Si), the material does not exhibit a linear 
electro-optic (EO) effect [6]. For that reason, high-speed Si EO modulators are 
typically realized with reverse-biased pn junctions, exploiting the plasma 
dispersion effect [158]. Since the associated change in the refractive index is 
small, the π-voltage-length product UπL is typically as large as 10 Vmm [159–
161]. This shortcoming of the Si platform can be overcome by combining 
silicon photonic or plasmonic waveguides with highly efficient organic EO 
(OEO) materials, leading to the so-called silicon-organic hybrid (SOH) [15,107] 
or plasmonic-organic hybrid (POH) [95,96] approach. 
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SOH devices have been demonstrated to show excellent performance. This 
includes, e.g., ultra-low voltage-length products down to UπL = 320 Vµm [140] 
in combination with small efficiency-loss products down to aUπL = 1.2 VdB 
[140] and high-speed modulation at line rates of up to 100 Gbit/s for on-off 
keying (OOK) [17], up to 120 Gbit/s for PAM4 [18], and 400 Gbit/s for 
100 GBd 16QAM [16,118]. In addition, low chirp with an α - parameter  
of 0.1 [18] and a high extinction ratio in excess of 30 dB [104] have been shown. 
However, while these demonstrations outperform many competing device 
concepts in terms of efficiency, footprint, and speed, the reliability and long-
term stability of SOH devices was less extensively investigated and still 
represents a weakness of the technology.  

In this paper, we report on the first demonstration of long-term thermally stable 
SOH modulators that fulfill high-temperature storage requirements according 
to Telcordia standards GR-468-CORE [55]. The devices exploit a side-chain 
EO polymer with bulky adamantyl units that lead to a high glass-transition 
temperature of Tg = 172 °C [77,162]. We investigate SOH devices stored at 
85 °C in ambient atmosphere and show that the electro-optic activity reaches a 
constant long-term stable level after an initial decay. When allowing for a burn-
in time of approximately 300 h, the average in-device EO activity decreases by 
less than 15 % for an additional 2400 h of high-temperature storage. At the end 
of the test period, the modulators exhibit a UπL-product of 3.3 Vmm, which 
represents a four-fold improvement compared to previously demonstrated long-
term stable OEO modulators [19,163]. To confirm that the high-temperature 
storage does not impair the high-speed performance of the modulator, we 
demonstrate the generation of high-quality 40 Gbit/s On-Off -Keying (OOK) 
signals both after the burn-in period and after extended high-temperature 
storage. We believe that our demonstration represents an important milestone 
towards industrial adoption of the SOH technology. 

5.2 Silicon-organic hybrid device concept 

The concept of a silicon-organic hybrid (SOH) Mach-Zehnder modulator 
(MZM) is schematically depicted in Figure 5.1, and Figure 5.1(a) shows a top 
view of the device [18]. We use two multi-mode interference (MMI) couplers 
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at the input and output of the MZM to split and recombine the light. The 
modulator electrodes form a coplanar transmission line in ground-signal-ground 
(GSG) configuration. Figure 5.1(b) shows a perspective view of the SOH 
MZM. Each MZM arm comprises an SOH phase shifter consisting of a Si slot 
waveguide. The slot waveguide is formed by two parallel 240 nm wide and 
220 nm high Si rails separated by a 190 nm wide slot, which is filled by the 
OEO material. Electrical vias and thin n-doped Si slabs connect the aluminum 
(Al) GSG transmission line and the optical waveguides. An applied radio 
frequency (RF) drive voltage Ud drops entirely across the narrow slots with a 
width wslot, inducing electric fields of approximately Ud /wslot in the the OEO 
material. These fields are significantly larger than those obtained in competing 
organic EO modulators, in which the spacing between the RF electrodes 
typically amounts to several micrometers [19,163]. The optical mode, 
illustrated by a red and yellow shading in Figure 5.1(b), is strongly confined 

Figure 5.1: Silicon-organic hybrid (SOH) device concept. (a) Top view of an SOH Mach-
Zehnder modulator (MZM). The MZM features a ground-signal-ground (GSG) transmission line 
and two multi-mode interference (MMI) couplers for splitting and recombining the light in the 
two MZM arms. (b) Perspective view of an SOH MZM. Each MZM arm comprises a silicon (Si) 
slot waveguide consisting of two closely spaced Si rails that form a slot which is filled by the 
EO material. Electrical vias and thin n-doped Si slabs connect the GSG transmission line to the 
optical waveguide. Both the optical mode (red/yellow shading) and the radio frequency (RF) 
mode are highly localized in the slot region, which leads to efficient EO modulation. In order to 
establish macroscopic EO activity, the chip is heated to the glass-transition temperature (Tg) of 
the OEO material, and a poling voltage Upol is applied across the ground electrodes. The 
corresponding poling fields (green arrows) induce an average acentric orientation of the dipolar 
EO molecules. This orientation is conserved by cooling the device and removing the poling field 
only when room temperature is reached. An applied signal voltage Ud induces electric fields 
(blue arrows) which are parallel (antiparallel) to the poling direction in the left (right) arm of the 
MZM, enabling push-pull operation. 



5  Long-term thermally stable SOH modulators 

80 

to the slot region, resulting in a large overlap with the RF field in the OEO 
material. This leads to the excellent modulation efficiency of SOH devices. 
The silicon photonic chips are fabricated on standard 8-inch silicon-on-
insulator (SOI) wafers in a commercial foundry using 248 nm optical 
lithography. The OEO cladding is applied to the chips by a post-processing 
step. To this end, the synthesized OEO material is dissolved in cyclopentanone 
and deposited on the Si slot waveguides using a microdispenser. This 
technique is well suited for highly localized deposition of the OEO material 
with a typical resolution of approximately 20 µm, thereby allowing to cover 
the SOH phase shifters while leaving the Al RF contact pads free. Note that 
local microdispensing of OEO material does not impair the device 
performance as compared to globally covering the entire chip by a simple spin-
coating process which was used in previous demonstrations of SOH  
devices [17,118]. After depositing the OEO material, the coated chips are 
heated to remove remaining solvent from the OEO material. At that point, the 
molecules are randomly oriented in the slot, and a one-time poling process is 
required to establish average acentric molecular orientation leading to 
macroscopic EO activity. To this end, we heat up the chip close to Tg of the 
OEO cladding material and apply a poling voltage Upol across the floating 
ground electrodes of the MZM. The voltage induces poling fields, indicated 
as green arrows in Figure 5.1(b), in the slot regions of the MZM, which align 
the dipolar molecules in the OEO cladding. After cooling the device down to 
room temperature, the molecular orientation is frozen and the poling voltage 
can be removed. A drive voltage Ud applied to the GSG transmission line 
induces electric fields in the two slot regions (blue arrows) that are parallel to 
the poling orientation in one arm and antiparallel to the poling orientation in 
the other arm of the MZM. This leads to phase shifts of equal magnitude but 
opposite sign in the two MZM arms, which results in an efficient and low-
chirp push-pull operation of the modulator [18]. 

Regarding the high-speed performance of the devices, the main limitation is 
caused by the fact that the slot waveguide acts as a capacitor which has to be 
charged and discharged via the resistive doped Si slabs. The corresponding 
resistance-capacitance RC cut-off frequency can be increased by decreasing 
the Si slab resistance. This can be achieved by applying a gate voltage Ugate 
between the Si substrate and the Si device layer which induces a highly 
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conductive charge accumulation layer in the Si slabs [81]. For the high-speed 
experiments discussed in Section 5.4, we apply a gate field of about 
0.07 V/nm, which results in a measured 3 dB EO bandwidth of about 20 GHz 
for both investigated devices. The bandwidth can be increased by using 
optimized doping profiles, which reduce the resistance of the Si slabs without 
compromising the low optical attenuation. 

5.3 EO material and thermal stability tests of 
SOH modulators 

For testing the stability and reliability of the SOH modulators, we adhere to 
Telcordia standards which specify generic test protocols for 
telecommunication equipment [55]. For modulators that are based on OEO 
materials, high-temperature storage tests over 2000 h at 85°C according 
Telcordia GR-468-CORE (paragraph 3.3.2.1) are particularly challenging. 
This is due to the fact that the macroscopic EO activity of organic materials is 
externally induced in a poling process at elevated temperatures [56], which 
leads to an acentric orientation of the dipolar OEO molecules and hence to an 
increased potential energy of the system. This state is conserved by cooling 
the device to room temperature, thus reducing molecular mobility and 
preventing relaxation of the molecules towards an energetically favored 
random orientation. When exposing a poled OEO device to an elevated 
temperature, however, the molecular mobility is again increased, thus giving 
rise to a relaxation of molecular orientation and to partial or complete loss of 
the electro-optic activity [19,48,49,163]. A critical parameter regarding 
thermal relaxation of acentric molecular order is the glass-transition 
temperature Tg: Thermal relaxation is negligible as long as the storage 
temperature is well below Tg and only becomes relevant for temperatures close 
to or above Tg. High-Tg materials are hence instrumental for long-term thermal 
stability of modulators using OEO materials.  

In our devices, we use a recently introduced side-chain EO material [162]. The 
molecular structure of the OEO material is depicted in Figure 5.2(a). The 
material is based on a methyl methacrylate (MMA) polymer backbone with 
four different units. The first unit contains an adamantyl side group (magenta). 
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Due to its bulky character, this side group makes the polymer chain less mobile 
and thus increases Tg. Additionally, the side group is nonpolar such that no 
detrimental interaction with the chromophore group arises. The second unit is 
a non-functionalized MMA group, and the third unit contains a phenyl 
vinylene thiophene (PVT) chromophore (blue), which provides the EO 
activity of the polymer and which is connected to the MMA backbone via a 
linker (red). The last unit is an unintentional residual, which contains only a 
linker side group where no PVT chromophore was attached. The sequence of 
the four units along a polymer chain is random, and the relative proportions 
amount to l = 0.4, l = 0.4, m and o, for the first, second, third and fourth unit, 
respectively, where m + o = 0.2 and m ≫ o. For this composition, the material 
exhibits a high Tg of 172 °C, measured by differential scanning calorimetry. 
The material thus promises excellent thermal stability even at elevated storage 
temperatures. During material synthesis, the proportion of all units can be 
adjusted by the concentration of the associated educts which allows to design 
both Tg and the EO activity. For example, a very similar EO polymer with a 
higher adamantyl proportion of 54 % was recently synthesized and featured 
an increased Tg of 194 °C but a slightly reduced EO activity [163].  

To pole our specific EO polymer Figure 5.2(a), its temperature is set to 
Tg = 172 °C while we apply an electric field of 140 V/µm. To quantify the 
modulation efficiency of the poled devices, we measure the π-voltages Uπ by 
using the experimental setup depicted in Figure 5.2(b). An external-cavity 
laser provides the optical carrier that we couple to and out of the device via 
grating couplers (GC). Using a function generator (FG), we feed the modulator 
with a triangular electrical voltage having a peak-to-peak amplitude 
Ud,pp > Uπ. The modulated out-coupled light is detected with a photodiode 
(PD), and an oscilloscope records both the modulated optical signal (red line, 
left axis) and the triangular drive voltage (blue line, right axis), see 
Figure 5.2(c) for typical curves. Since the modulating voltage is chosen 
slightly larger than Uπ, we can directly measure Uπ as the drive voltage 
difference, which switches the MZM between maximum and minimum 
transmission. The lowest measured π-voltage amounts to 1.48 V for a 1.5 mm 
long device resulting in a π-voltage-length product of 2.22 Vmm. From this 
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value we calculate a maximum in-device EO coefficient of 80 pm/V assuming 

Figure 5.2: 
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a refractive index n = 1.67 of the OEO material and a computed field 
interaction factor  Γ = 0.18 [140], Supplementary information, Eq. (S6). 

For a systematic investigation of thermally induced relaxation in SOH 
modulators, we pole four nominally identical devices and store them in an 
oven at a temperature of 85 °C in accordance with pertinent Telcordia 
standards GR-468-CORE (paragraph 3.3.2.1) for high-temperature storage 
[55]. Note that the devices were not hermetically sealed and thus not protected 
from oxygen or humidity. During the storage, the devices are neither optically 
nor electrically connected. Since thermal relaxation reduces the in-device EO 
activity of the modulators, the π-voltage of the devices increases. To monitor 
this process, the modulators are removed from the oven from time to time to 
measure the change in Uπ. The experimental results for the four devices are 
summarized in Figure 5.2(d) where Uπ(t) normalized to its respective initial 
value Uπ(0) is plotted as a function of time t. All devices show qualitatively 
the same trend where Uπ(t) converges towards a constant long-term stable 
level after an initial increase during the first few hundred hours.  

For a better understanding of the relaxation processes, we model the decay of 
the EO activity by a theoretical model. There exists a multitude of published 
models to describe the thermally induced decrease in EO activity in poled 
organic EO materials. These models range from theory-based Debye 
models [164], which describe a simple exponential decay, to semi-empirical 
models describing a bi-exponential decay [51,52], or purely empirical models, 
e. g., stretched exponential models [165–167]. In this work, we choose a 
modified Debye model due to its simplicity and its good fit to the measured 
data. Taking into account that the π-voltage Uπ is inversely proportional to the 
EO activity and that it converges towards a stable value, the relaxation can be 
modelled by 

/
π

π

( ) 1
(0) t

U t
U e τ−=

+ 
. (5.1) 

In this relation, the quantities  ,   and τ are used as fit parameters to adapt 
the model to the experimental findings. The quantity 1/  is the limit of 
Uπ(t)/Uπ(0) for large times t,   is a weighting parameter for the exponential 
decay of the EO activity, and τ is the corresponding characteristic decay time. 
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The experimental data in Figure 5.2(d) show good agreement with this model 
as indicated by the dashed lines, which are obtained from least-squares fits. 
The increase of Uπ may be attributed to a thermally induced relaxation process 
in the EO polymer, which releases mechanical stress that was previously 
induced during the cooling step of the poling process. We believe that this 
effect can be further reduced by using optimized poling and cooling protocols. 
The fact that Uπ reaches a long-term stable level can be attributed to the large 
difference between Tg = 172 °C and the storing temperature of 85 °C, at which 
the molecular mobility of the polymer chain is negligible. Quantitatively, we 
deduce from Figure 5.2(d) that after an initial burn-in time tb of approximately 
300 h, the π-voltages of the devices increase on average by less than 15 % for 
at least an additional 2400 h.  

In a potential application scenario, the poled SOH MZM would undergo the 
burn-in process after poling and prior to shipping the devices. It is therefore 
particularly interesting to compare the high-speed performance of a device 
right after the burn-in process with a device that has undergone the full 2700 h 
of high-temperature storage. To that end, we performed a second high-
temperature storage run with a single device (Device 5) indicated by a green 
cross in Figure 5.2(d), which we removed from the oven at t = 330 h, i.e., 
shortly after the burn-in time tb. This device serves as a benchmark to Device 2 
in the transmission experiments described in Section 5.4. The relative increase 
of Uπ of Device 5 is in good agreement with the other data sets, confirming 
the reproducibility of the experiments. 

To the best of our knowledge, these experiments represent the first 
demonstration of SOH MZM that are long-term thermally stable in accordance 
with Telcordia standards for high-temperature storage. The measured values for 
Uπ(0 h) and Uπ(2700 h) as well as the fitting parameters for all four devices are 
summarized in Table 5.1 and indicate consistent performance. After 2700 h at 
85 °C, the devices with a length of L = 1.5 mm exhibit an average π-voltage-
length product UπL as low as 3.3 Vmm. This is roughly four times lower than 
the values obtained from other long-term stable organic-based EO  
modulators [19,163]. The improvement can be mainly attributed to the slot 
waveguide used in the SOH phase shifter: The narrow slot width wslot leads to 
much larger modulating field strengths of approximately Ud /wslot for a given 
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modulating drive voltage Ud as compared to competing device geometries 
where the electrodes are spaced several micrometers apart [19,163]. In addition, 
the SOH devices exhibit a large overlap of the optical and the modulating RF 
electric field [15], which is instrumental to achieve good modulation efficiency, 
see also Section 5.2. 

5.4 Data transmission experiment  

To demonstrate the full functionality of our devices even after high-temperature 
storage, we validate the high-speed performance of the SOH MZM by 
generating 40 Gbit/s on-off keying (OOK) signals. To this end, we use a device 
shortly after its burn-in (Device 5), labeled by Tx1 in Figure 5.2(d), as well as 
a device that was stored for the full 2700 h (Device 2), labeled as Tx2 in 
Figure 5.2(d). The experimental setup is shown in Figure 5.3(a). We use an 
arbitrary-waveform generator (AWG) as a signal source to obtain a pseudo 
random bit sequence of length 215-1. The signal is amplified by a broadband RF 
amplifier and applied to the SOH MZM using a microwave probe. To avoid 
back-reflections of the RF signal, we terminate the modulator with an external 
50 Ω impedance via another microwave probe. An external-cavity laser (ECL) 
provides the optical carrier, which we couple to and from the chip via grating 
couplers (GC). For both, Tx1 and Tx2, we measure an extinction ratio in excess 
of 30 dB. The total insertion loss of each of the devices amounts to 14 dB and 
consists of fiber coupling losses, which are 4.5 dB per GC interface, and on-
chip losses of 5 dB. The on-chip losses are caused by excess losses in passive 
structures such as strip waveguides, power splitters and strip-to-slot mode 
converters [127], which add up to about 2.5 dB, and losses in the phase shifter 

Table 5.1. Summary of measurement and fitting results for thermal relaxation in 
SOH modulators 

 Experiment  Fit 

Device # Uπ(0 h) [V] Uπ(2700 h) [V]      τ [h] 
1 1.54 2.30  0.672 0.313  329 
2 1.48 2.22  0.662 0.336 236 
3 1.52 2.17  0.710 0.281 217 
4 1.54 2.17  0.718 0.281 199 
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arms of the 1.5 mm long MZMs, which amount to another 2.5 dB. The relatively 
small propagation losses of the slot waveguides of 1.7 dB/mm in combination 
with the high extinction ratios of the MZM give us confidence that the slots are 
homogeneously filled with the OEO material. In addition, from previous 
experiments we know that PMMA, which is very similar to the MMA-based 
OEO material used in our present work, fills the slot entirely without forming 
any voids, as was confirmed by opening a cross-section by a focused ion beam 

Figure 5.3: Data transmission experiment. (a) Experimental setup. The electrical 40 Gbit/s 
signal is obtained from an arbitrary-waveform generator (AWG). The drive signal is amplified 
and coupled to the chip by a microwave probe. A 50 Ω termination avoids back-reflection of the 
RF signal. An external-cavity laser (ECL) provides the optical carrier, which is coupled to and 
from the chip via grating couplers (GC). The modulated light is amplified in an erbium-doped 
fiber amplifier (EDFA), filtered by a bandpass filter (BP), and detected by a high-speed 
photodiode (PD) connected to a real-time oscilloscope. An adaptive digital filter at the receiver 
flattens the end-to-end frequency response of the system. (b) Measured 40 Gbit/s eye diagrams 
for Device 5 (left) after 330 h high-temperature storage and Device 2 (right) after 2700 h of high-
temperature storage, see data points labeled as Tx1 and Tx2, respectively, in Figure 5.2(d). For 
a similar signal quality, the drive voltage for Device 2 needs to be increased by approximately 
10%. This increase corresponds to the 10% higher π-voltage of Device 2 at 2700 h as compared 
to Device 5 at 330 h. 
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(FIB) cut [168]. Note that the on-chip losses can be reduced on the one hand by 
an optimized design of the passive components and on the other hand, by 
lithography processes featuring a higher resolution that may result in lower 
sidewall roughness of the strip and slot waveguides. The high coupling losses 
can be significantly reduced by optically packaging the devices, e.g., by 
following the approach of photonic wire bonding [169]. Using this technique, 
indium phosphide lasers were connected to silicon photonic chips with coupling 
losses down to 0.4 dB [170]. The high insertion loss of the present devices 
requires compensation, and we amplify the optical signal after the chip using an 
erbium doped fiber amplifier (EDFA). To suppress amplified spontaneous 
emission noise we use a bandpass filter (BP). For signal detection, we use a 
high-speed photodiode (PD) connected to a real-time sampling oscilloscope. 
We rely on a commercial vector signal analysis software provided by Keysight 
to flatten the end-to-end frequency response in a post-processing step [171]. To 
this end, we use an adaptive filter with a length of only six taps according to an 
application-oriented scenario where latency should be minimized. Because the 
transfer characteristics of the modulators used in Tx1 and Tx2 are virtually 
identical with a deviation of less than 0.5 dB, the equalizing filters are 
practically the same in both cases.  

Figure 5.3(b) shows the recorded OOK eye diagrams at a data rate of 40 Gbit/s 
for Device 5 (left), which was tested after 330 h of high-temperature storage 
and Device 2 (right), which was tested at the end of the full 2700 h. After the 
respective storage times, the π-voltages amount to 2.0 V and 2.2 V for Device 5 
and Device 2, respectively. The peak-to-peak drive voltages are chosen such 
that roughly the same signal quality is achieved for both modulators. For 
Device 5, the measured Q factor amounts to 8.9 for a peak-to-peak drive voltage 
of 1.7 Vpp. For Device 2, we measure a Q factor of 8.3 for a slightly higher peak-
to-peak drive voltage of 1.9 Vpp. Thus, to achieve roughly the same signal 
quality for both modulators, we have to increase the drive voltage of Device 2 
by about 10 % compared to the drive voltage of Device 5. This increase in drive 
voltage can be directly linked to the 10 % larger π-voltage of Device 2 after 
2700 h high-temperature storage as compared to Device 5 after 330 h. These 
results indicate that high-temperature storage primarily results in the slightly 
increased π-voltage while high-speed performance remains unchanged.  
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5.5 Summary and outlook 

We report on the first demonstration of long-term thermally stable silicon-
organic hybrid (SOH) modulators in accordance with Telcordia standards of 
high-temperature storage. We find that after an initial burn-in time of 300 hours 
the SOH modulators retain more than 85 % of their modulation efficiency for 
at least an additional 2400 h. These demonstrations represent an important 
milestone towards industrial adoption of SOH technology outside a controlled 
laboratory environment. For future applications, the burn-in time can be 
significantly decreased by using higher burn-in temperatures, which accelerates 
the initial relaxation process [19]. The average π-voltage-length product of the 
four investigated 1.5 mm long modulators amounts to 3.3 Vmm after 2700 h at 
85 °C. This corresponds to a four-fold improvement compared to previously 
reported long-term stable modulators based on organic EO materials [19,163]. 
Given the vast potential of theory-guided material optimization, we expect that 
even more efficient long-term stable SOH devices with UπL-products below 
1 Vmm will come into reach in the near future. We have also shown that the 
devices are suitable for applications in high-speed optical communication 
systems by demonstrating the generation of 40 Gbit/s OOK signals using 
devices shortly after the 300 h burn-in as well as devices that have undergone 
the full 2700 h of high-temperature storage at 85 °C. The results show that the 
long-term storage at 85 °C does not impair the general high-speed performance 
of the devices. 

One of the last remaining challenges for an industrial adoption of SOH 
modulators is a potential photo-induced degradation of the organic EO 
chromophores due to the high optical intensities in the nanoscopic slot 
waveguide. Studies have shown that the degradation process is caused by an 
oxidation of the EO chromophores, and that it can be prevented by operating 
the modulators in an oxygen-free environment [19,20]. This can be achieved 
by, e.g., applying an oxygen-blocking encapsulation on the devices. We are thus 
confident that in the near future SOH modulators will be not only resistant 
against thermal relaxation but also against photo-induced damages. 

[end of paper [J3]] 
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6 Measurement techniques for χ(2) of 
thin-film materials based on second-
harmonic generation 

This section compares two second-harmonic generation measurement 
methodologies, which are well suited for thin film nonlinear films. The 
respective advantages and disadvantages are investigated and a thorough 
discussion of the involved measurement inaccuracies is included. The section is 
taken from a publication in Scientific Reports [J4]. To fit the structure and layout 
of this document, it was adapted accordingly. The associated supplementary 
information is found in Appendix C. 

For this publication Artur Hermans (A.H.) conducted and analyzed the 
experiments performed with the setup at Ghent University. Clemens Kieninger 
(Cl.K.) conducted and analyzed the experiments performed with the setup at 
Karlsruhe Institute of Technology (KIT). Kalle Koskinen conducted the ITA 
reference measurement on a blank glass substrate. Cl.K. conducted the HTA 
reference measurement on a quartz crystal. Andreas Wickberg fabricated the 
HTA sample. Eduardo Solano and Jolien Dendooven contributed to the 
fabrication of the ITA sample. All authors contributed to writing the manuscript. 
The work was supervised by Martin Wegener, Christian Koos and Roel Baets.  
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The determination of the second-order susceptibility (χ(2)) of thin film samples 
can be a delicate matter since well-established χ(2) measurement methodologies 
such as the Maker fringe technique are best suited for nonlinear materials with 
large thicknesses typically ranging from tens of microns to several millimeters. 
Here we compare two different second-harmonic generation setups and the 
corresponding measurement methodologies that are especially advantageous for 
thin film χ(2) characterization. This exercise allows for cross-checking the χ(2) 
obtained for identical samples and identifying the main sources of error for the 
respective techniques. The development of photonic integrated circuits makes 
nonlinear thin films of particular interest, since they can be processed into long 
waveguides to create efficient nonlinear devices. The investigated samples are 
ABC-type nanolaminates, which were reported recently by two different 
research groups. However, the subsequent analysis can be useful for all 
researchers active in the field of thin film χ(2) characterization. 

6.1 Introduction 

Second-order nonlinear optical processes enable a whole range of applications 
used in a variety of areas, ranging from research oriented tools to widespread 
commercially available devices [172]. One major field of application are the 
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light sources based on second-order nonlinear effects, such as frequency 
doubled lasers [173] (e.g., most green laser pointers), optical parametric 
oscillators (OPO’s, sold by plenty of laser manufacturers [174,175]), THz 
generators5 and quantum light sources [176,177]. Another application domain 
is optical signal processing. Electro-optic modulators [178], widely used in 
fiber-optic communication, and optical correlators [179,180] are two prominent 
examples of such signal processing devices. Also various characterization 
methods utilized in research are based on second-order nonlinear processes, like 
second-harmonic imaging microscopy [181,182] and surface second-harmonic 
generation to probe material interfaces [183,184]. 

Exploiting the advancements made in integrated optics, the aforementioned 
devices can be implemented in photonic integrated circuits (PIC’s) to decrease 
cost and footprint, increase the device efficiency and add functionality to 
existing PIC’s. In integrated optics, materials that are deposited or grown in thin 
films are of vital importance, as they very often serve as a starting point in the 
fabrication of waveguide circuits through lithography techniques [185]. The 
integration of nonlinear functions and the search for second-order nonlinear thin 
film materials are both active fields of research. This makes the existence of 
easy and reliable methods for the characterization of the second-order 
nonlinearity in thin films undoubtedly an asset. 

The strength of any second-order nonlinear process is characterized by the 
second-order susceptibility tensor χ(2). As a tensor of rank 3, χ(2) consists of 
33 = 27 elements. Typically, the number of independent, non-zero elements is 
much lower because of symmetry properties [6]. Nonetheless, determining the 
χ(2) tensor elements of a nonlinear material remains a delicate task. 

There are several different approaches to determine χ(2) of a material. Often, 
electro-optic modulation via the Pockels effect is exploited for that  
purpose [15,186]. However, this technique requires electrodes and typically 
uses waveguiding structures, which means additional design and fabrication 
effort is needed. A more straightforward way to determine χ(2) is to exploit the 
effect of second-harmonic generation (SHG). In this well-known second-order 
nonlinear process, light at the fundamental frequency ω interacts with a 
nonlinear material to generate light at the double frequency 2ω. SHG in 
waveguiding structures can be very efficient if the phase matching condition is 
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satisfied and the modal overlap is large [187]. But as these requirements demand 
a substantial amount of engineering, the use of waveguiding structures is not 
very suitable for material characterization. Hence simple free-space 
transmission experiments are usually preferred. 

Shortly after the first demonstration of second-harmonic generation [27], a 
standard technique, called the Maker fringe method, was developed to 
determine χ(2) of nonlinear crystals [188]. Over the years various alterations of 
the formalism have been suggested to include effects such as anisotropy, 
absorption and reflections in multilayer media [33,189–191]. The technique is 
based on Maker’s finding that the pattern of the transmitted second-harmonic 
(SH) power generated in a bulk nonlinear crystal reveals the so-called Maker 
fringes when the crystal is rotated [192]. These fringes occur since the SHG 
process is not phase matched and the SH waves generated at different locations 
in the crystal can interfere constructively or destructively depending on the 
effective length of the crystal that is changed by the rotation. The Maker fringes 
serve as characteristic features that allow for a reliable extraction of χ(2) when 
the experimental data is fitted with theoretical expressions. The downside of 
this approach is that distinct Maker fringes are only visible if the thickness of 
the nonlinear material is significantly larger than the coherent build-up  
length [6]. This is not the case for submicron thin films which have attracted 
attention in recent years due to their application perspectives in integrated  
optics [193–197]. Therefore, there is a demand for alternative measurement 
methodologies that are better suited for thin film χ(2) characterization.  

In parallel to the early research on bulk effects in nonlinear crystals, the field of 
surface second-harmonic generation emerged. In media with inversion 
symmetry second-order effects are forbidden in the electric dipole 
approximation, i.e., χ(2) = 0. However, at the interface between two 
centrosymmetric media, the inversion symmetry is naturally broken and 
second-order effects are allowed again [6,183]. The effect was first reported in 
calcite by Terhune and co-workers [198]. Since then, it has been used as a 
research tool for investigating the interface structure of various 
centrosymmetric materials, for studying the adsorption of molecular 
monolayers and monitoring surface chemistry [199–203]. In a typical 
experiment the strength of the transmitted or reflected SHG is measured as a 
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function of the angle of incidence and/or the polarization state [204]. This 
allows determination of the surface χ(2) tensor elements, which on its turn 
provides information about the atomic structure of the interface, the 
concentration and orientation of adsorbed molecules, etc. As in surface SHG 
the χ(2) layer is only a few atoms thick, no Maker fringes are observed. 

In this work we use elements from both the worlds of SHG in bulk media and 
surface SHG to determine χ(2) of ultrathin films deposited on a centrosymmetric 
substrate. More specifically, the samples characterized are second-order 
nonlinear ABC-type nanolaminate optical metamaterials on glass substrates. 
These materials were recently introduced to the community by two independent 
research groups at Karlsruhe Institute of Technology (KIT) [21] and Ghent 
University (UGent) [22]. The UGent and KIT group utilize different χ(2) 
measurement techniques. In the present work, the two measurement 
methodologies with their corresponding calibration methods and theoretical 
models will be analyzed and the main sources of error will be identified. Both 
groups use a one-beam second-harmonic generation characterization technique. 
It has been shown that accurate determination of χ(2) for thin films is possible 
with a sophisticated two-beam geometry, that is, an arrangement with two 
fundamental beams incident on the sample [205]. However, the alignment of 
the two fundamental beams is challenging and can introduce additional errors.  

The approach of the UGent group is similar to the Maker fringe technique where 
for a fixed polarization of the fundamental beam the SH power is recorded while 
rotating the sample. Also in the UGent measurements fringes appear and they 
are used in the data fitting to obtain χ(2). However, the source of these fringes is 
not the same as in a traditional Maker fringe experiment. It is exploited that the 
SH signal generated in the thin film interferes with SH radiation generated at 
the glass-air interface (backside of the sample). For very thin films that do not 
have a very high nonlinearity (films in this work are thinner than 100 nm and 
have χ(2) ~ 1 pm/V) a fringe pattern shows up in the recorded SH powers. To 
implement the glass-air surface nonlinearity in the UGent model, a formalism 
from the field of surface SHG is utilized. Because a femtosecond laser is used 
in the measurements, also temporal walk-off effects occurring in the substrate 
need to be taken into account for a correct χ(2) characterization. The KIT group 
uses a different approach where the angle of incidence is fixed and the s- and p-



6  Measurement techniques for χ(2) of thin-film materials based on second-harmonic generation 
 

95 

polarized SH power is recorded as a function of the polarization of the incident 
fundamental beam. An adapted form of a standard Maker fringe model is used 
to accommodate for the varying polarization state rather than a change in angle 
of incidence. 

In summary, we present a comparison between two measurement techniques 
with their corresponding calibration methods and theoretical models for 
determination of the χ(2) tensor elements of ABC-type metamaterials. For both 
techniques, the major advantages but also the shortcomings and most important 
sources of error will be identified. In order to compare the reliability of the 
absolute values of the determined χ(2) tensor elements for the two different 
techniques, both research teams exchanged their nanolaminates. That is, 
identical samples are measured by both teams with their respective 
measurement technique and the results are compared to identify potential 
sources of uncertainty. Note that these findings are not restricted to ABC-type 
nanolaminate metamaterials but hold for thin nonlinear films in general. 
Therefore this paper can be used as a guideline for researchers wanting to 
characterize their own χ(2) thin films. 

6.2 Materials and Setups 

The ABC-type nanolaminates analyzed in this article consist of very thin layers 
(on the order of 1 nm) of three amorphous (and thus centrosymmetric) materials 
A, B and C that are deposited alternately through atomic layer deposition 
(ALD). At each of the interfaces the inversion symmetry is broken locally and 
consequently second-harmonic (SH) waves can be generated. The layers are 
combined to an ABCABC… stack that also breaks the inversion symmetry 
globally. In this way destructive interference between the generated SH waves 
is avoided, as would happen in an ABAB… stack. The nanolaminate of Ghent 
University consists of the three materials TiO2, Al2O3 and In2O3. It is deposited 
on a 500 μm BOROFLOAT® 33 substrate and has a total thickness of 66 nm 
obtained from ellipsometry and transmission electron microscopy. The 
nanolaminate of Karlsruhe Institute of Technology is composed of the three 
materials Al2O3, HfO2 and TiO2. It has a thickness of 75 nm obtained from 
ellipsometry and the substrate is borosilicate glass of the first hydrolytic class 
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with a thickness of 170 μm. More information about the fabrication of these 
ABC-type thin films can be found in the Methods section 6.6. In the remainder 
of this paper the nanolaminates of UGent and KIT will be referred to as ITA 
(In2O3/TiO2/Al2O3) and HTA (HfO2/TiO2/Al2O3) respectively. 

Due to the limited thickness of these nanolaminates, the generated SH power is 
quite small, which means a powerful laser combined with sufficiently sensitive 
detection is necessary for generating and detecting the SH power. The UGent 
and KIT setups are shown in Figure 6.1(a,b), respectively. In the UGent setup 
the light source is a commercial Ti:Sapphire laser (Mai Tai HP from Spectra-
Physics) emitting 100 fs pulses at a wavelength of 980 nm, a repetition rate of 
80 MHz and an average power close to 1 W. A half-wave plate (λ/2) is used to 
rotate the polarization direction of the linearly polarized laser light to p-
polarization. Two parabolic mirrors of 5 cm focal length are used to focus the 
laser beam on the sample and to collimate it again after passing through the 
sample. The focusing brings the beam diameter (1/e2) down from 1.2 mm to 
52 μm. This leaves us with a depth of focus, i.e., 2 × Rayleigh length, of 4.5 mm, 
giving enough tolerance for the alignment of the sample in the focal plane. 
Surrounding the sample there is a longpass (LP) and shortpass (SP) filter. The 
former filters out any spurious light at wavelengths below 800 nm, while the 
latter suppresses the laser light at the fundamental wavelength and lets the SH 

Figure 6.1: Schematic representation of the experimental setups at (a) UGent and (b) KIT for 
characterizing the second-order nonlinearity of the nanolaminates by means of second-harmonic 
generation (SHG). PBSC: polarizing beam-splitter cube, Pol1, Pol2: wire-grid polarizers, λ/2, λ/4: 
half- and quarter-wave plate, LP: longpass filter, Le: lenses, SP: shortpass filter, BP: bandpass 
filter, PMT: photomultiplier tube. 
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light through. It is important to place these filters right before and after the 
sample to eliminate parasitic SHG originating in the beam path. The sample is 
placed on a motorized rotation stage (Thorlabs CR1-Z7) and allows for 
measurement automation. A lens (Le) is placed in front of the femtowatt 
detector (Thorlabs PDF10A) which compensates for beam displacements 
induced by the rotation of the sample. There is also a bandpass (BP) filter that 
removes part of the stray light. Moreover it allows to check that the detected 
light is truly SHG: by tuning the fundamental wavelength until the SH 
wavelength falls out of the passband of the filter and checking that the detected 
signal vanishes. During a measurement the sample is rotated and the SH power 
is measured as a function of the incidence angle. 

In the KIT setup, the nonlinear samples are excited using laser pulses from a 
Ti:Sapphire mode-locked oscillator (Tsunami from Spectra-Physics) operating 
at a repetition rate of 80.5 MHz, a pulse duration of 165 fs FWHM (full width 
at half maximum), a center wavelength of 800 nm and an average power of 
around 2 W. The excitation power can be set by rotating a half-wave plate (λ/2) 
which is followed by a polarizing beam-splitter cube (PBSC). A quarter-wave 
plate (λ/4) is used to get a circularly polarized beam. Subsequently, a wire-grid 
polarizer (Pol1) sets the beam at a constant power to a linear polarization at an 
angle tunable between 0° (s-polarized) and 90° (p-polarized). The laser beam is 
chopped to allow for lock-in detection and passes a longpass filter (LP) that 
removes potential parasitic SHG prior to the sample. The fundamental pump 
beam is then loosely focused onto the sample to a spot diameter (1/e2) of about 
50 μm using a lens (Le1) with a focal length of 200 mm. The diverging light is 
collimated by a lens (Le2) with a focal length of 100 mm and filtered by a 
shortpass (SP) (cut-off wavelength 700 nm) and a bandpass (BP) filter (center 
wavelength 400 nm, spectral width 40 nm). Finally, the SH power is detected 
using a Hamamatsu R4332 photomultiplier tube (PMT). To distinguish between 
s- and p-polarized SH light, a wire-grid polarizer (Pol2) is placed in the beam 
path between the sample and the photomultiplier tube. The sample is mounted 
on a rotation stage which allows to set the angle of incidence. In addition, the 
sample mount features two goniometers that can be used to correct for tilt of the 
sample relative to the fundamental beam and relative to the rotation axis of the 
rotation stage. 
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6.3 Models and calibration 

The individual nanoscale A, B and C layers of the nanolaminate are not 
considered in the analysis, instead an effective medium approach is used. Since 
these ABC-type materials show a C∞ν symmetry with respect to the film normal, 
the non-vanishing second-order susceptibility tensor components for SHG are 

(2) (2) (2) (2) ,xxz yyz xzx yzyχ χ χ χ= = =  (2) (2)
zxx zyyχ χ=  and (2)

zzzχ , where z is the film normal and x 
and y are two orthogonal in-plane directions, see Figure 6.2 [202]. We assume 
that these tensor elements are real as we are working at wavelengths far from 
resonance. Note that the presented theoretical models are readily applicable to 
thin nonlinear films that possess the same symmetry properties, e.g., ZnO thin 
films [195]. After adapting the non-zero tensor elements, the models can be used 
for films with a different symmetry as well. 

In general the SH electric field components generated in an achiral thin film 
with in-plane isotropy (C∞ν symmetry) can be expressed as 2

2 ,p , s
2

p ,E fE gEω ω ω= +  
and E2ω,s = hEω,sEω,p, where p and s stand for the p- and s-polarized components 
and Eω refers to the electric field amplitude of the incident fundamental beam 
[206]. The quantities f, g and h are functions that depend on the nonlinear 
susceptibility tensor components, the incidence angle, the linear optical 
properties, the frequency and the thickness.  

In the UGent model, two contributions to the total SH signal are considered: SH 
waves generated at the front interface of the sample, where the thin film is 
deposited, and SH waves generated at the back glass-air interface. Furthermore, 

Figure 6.2: Illustration of the excitation geometry including the angle of incidence ϑ and the 
polarization angle φ. Incident s-polarization corresponds to φ = 0°, p-polarization to φ = 90°. 
Figure taken from Ref. [21]. 
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the thin film is assumed to have zero thickness. This translates into a physical 
model where polarized sheets are located at the front and back interface of the 
sample. The nonlinearities are described by surface second-order susceptibility 
tensors i

sχ  for the air-thin film (i = ABC) and the glass-air interface  
(i = glass) [204]. In our definition of i

sχ  we use internal electric fields, meaning 
that the nonlinearities are defined with respect to the electric fields inside the 
thin film (for the front interface) and inside the glass (for the back interface). 
The surface susceptibility of the thin film is converted to a bulk susceptibility 
by dividing ABC

sχ  by the thin film thickness. We neglect multiple reflections 
(inside the thin film and the glass substrate) and we also do not take into account 
the birefringent character of the thin films. Instead we use an average refractive 
index. Note that the degree of anisotropy is only a few percent for the ITA 
sample [22] and negligible for the HTA sample according to ellipsometry 
measurements. To justify these simplifications, we compared our model to a 
more advanced model taking into account reflections, anisotropy and finite film 
thickness, see Figure C.4, showing the limited impact of these factors. When 
including these effects the involved equations become cumbersome and less 
straightforward to interpret physically. Intuitively, one can understand that the 
zero film thickness is a good approximation for films much thinner than the 
wavelength and the coherence length. As we are dealing with small refractive 
index contrasts (nglass ≈ 1.5 and nABC ≈ 2), reflections will also be small as long 
as the incidence angle is not too large. For p-polarized light, the reflection only 
rises significantly once Brewster’s angle is passed. Our analysis shows that we 
can safely neglect reflections if we keep the incidence angle below 70°. Since 
the incident fundamental beam is p-polarized in the UGent setup, the generated 
SH waves will also be p-polarized. For a monochromatic p-polarized plane 
wave at the fundamental frequency with electric field amplitude Eω,in incident 
on the sample, we can find the following expression for the transmitted electric 
field at the SH frequency [207,208] 
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In these relations, the index ω (2ω) indicates parameters specified at the 
fundamental frequency ω (SH frequency 2ω). The quantities p

-i jt  are the Fresnel 
transmission coefficients (for p-polarized light) propagating from medium i to 
j, with i,j = {a,f,s} for air, film, substrate. The parameter ni is the refractive 
index of medium i, θi is the propagation angle with respect to the surface normal 
z in medium i, ds is the thickness of the glass substrate and c is the speed of 
light. The refractive indices of the samples are: nf,ω = 1.9556, nf,2ω = 2.0975, 
ns,ω = 1.4633 and ns,2ω = 1.4766 for the ITA sample, and nf,ω = 1.901, 
nf,2ω = 1.996, ns,ω = 1.513 and ns,2ω = 1.5297 for the HTA sample. The refractive 
indices for the nanolaminates are determined through ellipsometry; for the glass 
substrate they are found in the datasheet supplied by the manufacturer. The 
approximation in Eq. (6.2) can be done because θf,ω ≈ θf,2ω for samples with low 
dispersion. This also means that ABC

,s zxxχ  and ABC
,s xxzχ  cannot be determined 

separately in the UGent measurement. Instead we use the combined value 
ABC ABC ABC
,sum , ,2s s zxx s xxzχ χ χ= +  as a fitting parameter. Using the non-approximated 

version of Eq. (6.2) in the regression analysis of the data leads to diverging 
results. In principle, ABC

,s zxxχ  and ABC
,s xxzχ  can be determined separately even for low-

dispersion materials by studying the polarization signature of carefully chosen 
polarization combinations for the input and/or output beams. For example, if an 
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s-polarized fundamental beam is used only ABC
,s zxxχ  will be probed. But in practice 

it is difficult to obtain reliable information from this type of measurements in 
the UGent setup, as the SH powers are close to the detection limit for the 
considered samples. 

As we rotate the sample and detect the SH power, the front and back 
contributions will interfere resulting in an angle-dependent fringe pattern. These 
interference fringes form the basis of the UGent calibration method and can be 
used for χ(2) extraction. A reference measurement needs to be done on a blank 
glass substrate to determine its surface second-order susceptibility (2)

sχ . For 
BOROFLOAT® 33, this measurement and the obtained (2)

sχ  values are shown 
in Figure C.1. For several other types of glass, the surface nonlinear 
susceptibility can be found in ref. [209]. The average detected power is given 
by 

2
2 1 2 ,totalP K Eω ω= , where K1 is a function of the pulse duration, the 

repetition rate of the laser, the spot size and the transmission of the optics. As it 
can be difficult to know all these properties accurately, it is often preferred to 
determine K1 from a calibration measurement. In the UGent calibration method 
we use the known nonlinear susceptibility of the back glass-air interface, to fit 
K1 and the unknown susceptibility tensor elements of the thin film 
simultaneously. However, this calibration method cannot be used for films with 
a very strong nonlinear response, since the interference fringes will no longer 
be discernible. 

Equation (6.1) is only strictly valid for monochromatic waves. When working 
with short laser pulses, there will be a temporal walk-off between the SH pulse 
generated at the front and back surface of the sample which Eq. (6.1) does not 
account for. The pulse at the fundamental wavelength will travel at a different 
group velocity through the substrate than the SH pulse generated at the front 
and thus there will be a small delay between both generated SH pulses. This 
reduces the depth of the interference fringes. If this effect is not taken into 
account, it will result in an overestimation of χ(2) of the thin film. The temporal 
walk-off effect is implemented in the model by introducing sech2 pulses [210] 
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with Δτ the FWHM pulse duration, twalk−off the walk-off time and K2 again a 
calibration constant. The walk-off time increases for increasing incidence 
angles and can be expressed as twalk−off = twalk−off,0/cos(θglass), with twalk−off,0 the 
walk-off time for normal incidence. 

The KIT model is based on the approach of Herman and Hayden [33] which 
solves the nonlinear wave equation and satisfies the boundary conditions for the 
SH wave at all interfaces of the sample: at the air-film, the film-substrate, and 
the substrate-air interface. The approach has been generalized for arbitrary 
polarization of the fundamental pump beam [21]. The model takes into account 
the thickness of the nanolaminate and therefore also the phase mismatch 
between fundamental and SH wave which becomes of importance for thick or 
very dispersive nonlinear films. However, the effect of multiple reflections 
inside the nanolaminate as well as inside the glass substrate at both the 
fundamental and SH frequency are neglected due to the small index difference. 
In addition, the small birefringence of the nanolaminate is neglected. Also, the 
formalism does not take into account the SH wave that is generated by the 
second-order nonlinearity of the substrate-air interface. For the p/s-polarized 
peak SH power which is generated in the sample the following expression is 
derived 
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(6.4) 

Parameters specified at the fundamental frequency (SH frequency) are indicated 
with a subscript ω (2ω). The quantity p/s

i jt −  denotes the Fresnel transmission 
coefficient (for p/s-polarized light) propagating from medium i to j, and ni is the 
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refractive index of medium i. The constant c is the vacuum speed of light, A(spot) 
is the spot size of the laser at the focus, Δτ is the FWHM of the temporal pulse 
and frep is the repetition rate of the laser. The quantity Pω corresponds to the 
average incident laser power outside the nonlinear film, df is the thickness of 
the nonlinear film, λ0 is the vacuum wavelength of the fundamental beam and φ 
is the pump polarization angle in air with φ = 0°, 90° for s- and p-polarization, 
respectively. Possible phase mismatch between fundamental and SH waves is 
accounted for by the quantity ( )f 0 f, f, f,2 f,2cos( ) cos( )2 /d n nω ω ω ωπ λ θ θΨ = − , 
where θf,ω and θf,2ω are given by Snell’s law , f, )sin( ) 1 / sin(f nω ωθ ϑ=  and 

,2 f,2 )sin( ) 1 / sin(f nω ωθ ϑ=  with the angle of incidence ϑ. The quantity α is 
independently determined by a reference measurement. This is advantageous 
because of the potentially inaccurately determined spot size A(spot) and pulse 
width Δτ of the fundamental beam. The parameter p/s

effχ  is the effective second-
order susceptibility for p/s-polarized SHG, which takes the following form for 
C∞ν symmetry 
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In this relation, the quantity φ′ is the polarization angle of the fundamental beam 
inside the nonlinear material which is defined by p

a-f,a-f,tan( ) / tan( )' st t ωωϕ ϕ= . 
The excitation geometry is depicted in Figure 6.2 where also φ and ϑ are 
indicated. The refractive indices of the samples are: nf,ω = 1.979, nf,2ω = 2.1935, 
ns,ω = 1.4661 and ns,2ω = 1.4839 for the ITA sample, and nf,ω = 1.9242, 
nf,2ω = 2.0194, ns,ω = 1.5163 and ns,2ω = 1.5405 for the HTA sample. 

To determine the second-order nonlinearity of a sample the s- and p-polarized 
SH power is recorded as a function of the polarization of the fundamental beam 
φ for a fixed angle of incidence. The detected s- and p-polarized SH power are 
fitted simultaneously with the theoretical expressions presented in Eq. (6.4), 
where the three independent tensor elements of χ(2) are the corresponding fitting 
parameters. The parameter α is determined in an independent Maker fringe 
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measurement of a Y-cut quartz crystal with known second-order nonlinearity of 
2SiO 0.6pm/ Vxxxχ =  [211]. This is done immediately after the χ(2) measurement 

on the nanolaminate in order to avoid the influence of possible laser 
fluctuations. 

6.4 Results and discussion 

In this section the weaknesses and strengths of the two measurement techniques 
will be discussed and the most important sources of errors for the deduction of 
χ(2) will be identified. Since the measurement methodologies are different, the 
relevant sources of errors will be also different for the KIT and UGent approach. 
The fitting of the measurement data in the following section is carried out using 
a nonlinear least-squares algorithm. The nonlinear regression is done assuming 
a constant error, i.e., equal weights for all data points. 

6.4.1 UGent measurement and fitting 

The reference measurement to determine the nonlinear surface susceptibility of 
a blank glass substrate was performed at Tampere University of Technology 
using a picosecond laser, see Figure C.1. From this reference measurement, 
which was calibrated against a Y-cut quartz crystal, we get: 

glass 22 2
, 4 V0 m3 /1s zzzχ −= ×  and glass glass 22 2

, , V2 1 10 m /8s xxz s zxxχ χ −+ = × . To find the 
walk-off time twalk−off,0, the measurement of a blank substrate needs to be 
repeated with the UGent setup, see Figure 6.3. The data is fitted using the model 
with and without walk-off (see Eq. (6.1) and Eq. (6.3), except the ABC-type 
coating on the front surface needs to be replaced with glass). The fitting 
parameters are the substrate thickness ds, the constants K1 and K2 and the walk-
off time twalk−off,0. The fitting of the substrate thickness is necessary to ensure 
that the extrema of the fringes in the fitted curve are positioned at the right 
incidence angles. Incidence angles greater than 70° are not considered, since the 
theoretical model does not hold any more due to the unaccounted reflections. 
Figure C.3 illustrates the consequences for the fitting when larger incidence 
angles are included. In Figure 6.3, we see that the visibility of the fringes is 
lower for the measurement data than it is for the fitted curve when walk−off is 
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not included in the model. Including the temporal walk−off effect clearly 
improves the agreement between the measurement and the fitted curve. The 
regression analysis gives a walk-off time of twalk−off,0 = 45.3 fs. This result will 
be used later in the fitting of the data of the ABC-type thin films. From the 
refractive index versus wavelength graph in the datasheet [212] we get 37 fs as 
a very rough estimate (estimating dn/dλ graphically), which agrees well with 
the fitted value.  

The measured SH powers and corresponding fitted curves for both the ITA and 
HTA sample are shown in Figure 6.4. The theoretical model is described by 
Eq. (6.3) where K2, ds, ABC

,sumsχ  and ABC
,s zzzχ  are the fitting parameters. The 

corresponding bulk nonlinearities are calculated by dividing the surface 
nonlinearities ABC

sχ  by the thin film thickness ds. The results for the ITA sample 
are: ITA

sum (0.211 0.011)pm/ Vχ = ± , ITA (0.974 0.054)pm/ Vzzzχ = ± and 
( )ITA

s     498.26   0.16  µmd = ± . For the HTA sample we get: 
HTA
sum (0.605 0.008)pm/ Vχ = ± , HTA (0.697 0.010)pm/ Vzzzχ = ±  and 

( )HTA
s    170.31   0.04  µmd = ± . The quoted uncertainties are the standard 

deviations following from nonlinear regression analysis; these only reflect the 
uncertainty due to statistical intensity fluctuations. The standard deviations are 
kept low by averaging over many read-outs for a single angle of incidence. 

Figure 6.3: Fitting the measurement data for a blank BOROFLOAT® 33 substrate without 
temporal walk-off (black dashed line) and with walk-off (red full line). Negative SH powers for 
the measurement data are obtained due to subtraction of background noise. The regression 
analysis gives us a walk-off of 45.3 fs and a substrate thickness of 485 μm. The thickness agrees 
well with the specified thickness of (500±20) μm. 
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There is also an uncertainty on the incidence angle which can impact the final 
results. Since we are working with a motorized rotation stage, the relative angle 
setting is very precise (repeatability < 1′ according to specifications). The main 
uncertainty originates in the setting of the reference angle: after we have placed 
the sample, we need to manually set the angle corresponding to normal 
incidence. We estimate that this results in a maximum systematic error of 2°. 
Table 6.1 illustrates how this systematic error will influence the retrieved χ(2) 
values. The uncertainties are several times larger than the standard deviations 
following from the nonlinear regression, and currently they are the main source 
of uncertainty in the UGent measurements. 

 

Table 6.1. Error margins on the bulk susceptibilities and substrate thicknesses as 
a consequence of the systematic error on the incidence angle (±2°) for the UGent 

measurement technique. Results are shown both for the ITA and the HTA 
sample. 

 ITA sample HTA sample 
ABC
sumχ  (pm/V) 0.21 ± 0.04 0.6 ± 0.07 

ABC
zzzχ  (pm/V) 1.0 ± 0.2 0.7 ± 0.3 

Ls (µm) 498 ± 5 170 ± 1 

Figure 6.4: Measured and fitted SH power vs incidence angle for (a) ITA sample and (b) HTA 
sample in the UGent setup (laser wavelength of 980nm). As the substrate is thinner for the HTA 
sample, there are fewer interference fringes.  
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Another aspect that needs to be stressed is the importance of proper alignment 
in this type of measurements. The depth of focus is only 4.5 mm, so care must 
be taken to avoid the sample from moving out of the laser focus while rotating 
it. We achieve this by aligning at two widely spaced incidence angles: we 
maximize the signal for both angles by iteratively adjusting the mirrors in our 
setup. When the rotation axis of the sample is not positioned in the laser focus, 
it will cause an apparent shift in the weights of the fitted nonlinear tensor 
elements, i.e., certain elements will become smaller, others larger. From 
simulations we estimated that displacements of the rotation axis with respect to 
the focus on the order of 1 mm can cause the tensor elements to change by 
several 10’s of percent, which would make the induced error of similar 
magnitude to the error due to uncertainty on the incidence angle. To avoid 
possible alignment issues one can choose to focus the laser beam less tightly, 
but again this requires a more sensitive detection mechanism. 

The reproducibility of the measurements was tested by doing multiple 
measurements on the same sample. In between measurements the sample was 
removed from the sample holder and put back into place. The setup was also 
intentionally misaligned and realigned. Including error boundaries, these 
measurements gave identical results. 

6.4.2 KIT measurements and fitting 

An advantage of the KIT approach is the simplicity in sample alignment. Since 
ϑ is constant during a measurement there is no risk of rotating the sample out of 
focus. Moreover, the influence of the slightly inhomogeneous sensitivity of the 
active region of the PMT is eliminated since the SH light spot on the PMT does 
not move during the measurement. 

The most important source of error for the KIT technique is the fact that the KIT 
model does not take into account interference effects between SH wave 
emanated from the nanolaminate and the glass back surface. In fact, these 
interference fringes are also visible in the KIT setup as depicted in Figure 6.5 
where the p-polarized SH power is plotted as a function of the angle of incidence 
ϑ for a p-polarized fundamental beam for the HTA and ITA sample. Note that 
in the KIT setup, a fundamental wavelength of 800 nm instead of 980 nm in the 
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UGent setup is used. This is why the interference patterns are different from the 
ones measured with the UGent setup. In order to estimate the error that is 
introduced by neglecting the influence of interference, several measurements at 
different angles of incidence are performed for both the HTA and ITA sample. 
These angles are chosen such that constructive interference (ϑconstr.) or 
destructive interference (ϑdestr.) occurs. For these two extreme cases the 
determined value for χ(2) will be overestimated or underestimated, respectively. 

Figure 6.5: p-polarized SH power as a function of the angle of incidence ϑ for p-polarized 
fundamental beam obtained from (a) the ITA sample and (b) the HTA sample. These 
measurements are done using the KIT setup (laser wavelength of 800nm). Both measurements 
show oscillations in the SH power which can be attributed to interference effects between SH 
waves generated in the nanolaminate and SH waves generated at the back surface of the glass 
substrate. 
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An additional measurement at an intermediate angle (ϑinter.) between those two 
specified angles will give a good indicator of the true value of χ(2).  

Figure 6.6 shows three separate measurements of the s- (triangles) and p-
polarized (circles) SH power and the corresponding fitted theoretical  
expressions (lines) as a function of φ obtained for the ITA and the HTA sample. 
The measurements are performed for three different angles of incidence where  

Figure 6.6: s- (triangles) and p-polarized SH power (circles) and corresponding fitting curves 
(lines) as a function of the polarization angle φ for an average excitation power of Pω  = 200 mW 
obtained from (a) the ITA sample at  and (b) the HTA 
sample at . Here, φ = 0°, 90° corresponds to incident 
s- and p-polarization, respectively. To quantify the impact of interference we perform three 
measurements at different angles of incidence where ϑconstr. and ϑdestr. denote the angles of 
incidence under which constructive and destructive interference occurs, respectively and ϑinter. 
denotes an intermediate angle of incidence. Note that data and fit of the s-polarized SH power is 
multiplied by a factor 10 for better visibility. 
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the blue, magenta and red markers and lines correspond respectively to 
ITA
constr. 68.4ϑ = ° , ITA

inter. 66.0ϑ = °  and ITA
destr. 63.9ϑ = °  for the ITA sample and  

HTA
constr. 59.8ϑ = ° , HTA

inter. 55.8ϑ = °  and HTA
destr. 51.1ϑ = °  for the HTA sample. For better 

visibility of the s-polarized SH power the data sets and corresponding fitting 
curves are multiplied by a factor of 10. The determined values of the χ(2) tensor 
components depend significantly on the angle of incidence ϑ, as summarized in 
Table 6.2 where the last column contains the average value of the determined 
tensor elements and the corresponding standard deviation. Note that for all 
deduced tensor elements the error following from curve fitting is well below  
10%. It is interesting to observe that for the HTA sample the decrease of the 
determined value of HTA

zzzχ  is very pronounced when going from constructive to 
destructive interference. On the other hand, the determined off-diagonal tensor 
elements vary only little for the three different angles. This finding suggests that 
the off-diagonal tensor elements of the HTA nanolaminate are much larger than 
the off-diagonal tensor elements of the glass surface, which would result in ϑ-
independent values of these tensor components. Indeed, only minor interference 
occurs for s-polarized SH power when the fundamental beam polarization is 
defined by φ = 45°, in this case only HTA

xxzχ  is addressed, see Figure C.5. 
Furthermore, no interference effects are visible for p-polarized SH power when 
the fundamental beam is s-polarized, in this case only HTA

zxxχ  is addressed, see 
Figure C.6. For the ITA sample the deduced value for ITA

zzzχ  decreases more 
moderately when changing the angle of incidence from ϑconstr. to ϑdestr.. 

Table 6.2. Deduced χ(2) tensor elements for different angles of incidence ϑconstr., ϑdestr. 
and ϑinter. corresponding to constructive interference, destructive interference and an 

intermediate case respectively. Results are shown for the HTA and ITA sample. 

HTA sample HTA
constr. 59.8 ϑ   HTA

inter. 55.8 ϑ  HTA
destr. 51.1 ϑ  Average 

HTA
zzzχ  (pm/V) 0.86 0.69 0.45 0.67 ± 0.21 
HTA
xxzχ  (pm/V) 0.26 0.26 0.24 0.25 ± 0.02 
HTA
zxxχ  (pm/V) 0.22 0.23 0.23 0.23 ± 0.01 

ITA sample ITA
constr. 68.4 ϑ  ITA

inter. 66.0 ϑ  ITA
destr. 63.9 ϑ  Average 

ITA
zzzχ  (pm/V) 1.25 1.15 1.09 1.17 ± 0.09 
ITA
xxzχ  (pm/V) 0.17 0.14 0.13 0.15 ± 0.01 

ITA
zxxχ  (pm/V) 0.06 0.03 0.05 0.05 ± 0.01 
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Additionally, also the calculated value of the off-diagonal tensor element ITA
xxzχ  

decreases with decreasing ϑ. In fact, s-polarized SH power for a fundamental 
beam polarization of φ  = 45° exhibits major interference effects, which can 
explain this decrease in ITA

xxzχ , see Figure C.5(a). The large variation of ITA
zxxχ  

is attributed to the fact that the low level of p-polarized generated SH power for 
s-polarized fundamental beam is close to the detection limit. Note that the 
visibility of the fringes and therefore this source of error is eliminated for thicker 
or more strongly nonlinear films as it was shown for 290 nm thick, strongly 
nonlinear ZnO/Al2O3 nanolaminates [213]. 

As an additional source of error, an imprecisely calibrated angle of incidence is 
investigated. The angle calibration is done by studying the back reflected 
fundamental beam close to normal incidence and trying to make it overlap with 
the incident beam by rotating the sample. In order to illustrate the effect on the 
deduction of χ(2), an error of Δϑ = ±1.0° will be assumed. Note that using the 
same technique in the UGent setup gives larger errors, as a focusing element 
with a smaller focal length is used. The effect is quantified by performing χ(2) 
measurements on the ITA and HTA sample at angles of incidence of 

ITA
0 68.4ϑ = °  and HTA

0 59.8ϑ = °  (blue data in Figure 6.6) while the data is 
evaluated at angles of incidence of ϑ0 and ϑ0 ± Δϑ. The fitting results for 
Δϑ = ±1.0° are ( )HTA     0.86 0.05 pm/ Vzzzχ =  , ( )HTA     0.264 0.004 pm/ Vxxzχ = ±  and 

( )HTA     0.216 0.004 pm/ Vzxxχ = ±  for the HTA sample and ( )ITA    1.25 0.02 pm/ Vzzzχ =  , 
( )ITA     0.169 0.008 pm/ Vxxzχ = ±  and ( )ITA     0.063 0.003 pm/ Vzxxχ = ±  for the ITA 

sample. It can be seen that the values for the tensor elements change by roughly 
5%. This can be understood as an upper error bound since the error in the angle 
of incidence of Δϑ = ±1.0° is chosen pessimistically. 

The reproducibility of the measurements was also checked by doing multiple 
measurements on the same sample. The setup was deliberately misaligned and 
realigned before each measurement. The results of these measurements were in 
very good agreement with one another. 

Lastly, the Maker fringe reference measurement on a Y-cut quartz plate that is 
necessary for the determination of the quantity α in (6.4) is briefly discussed. 
To validate the stability of the calibration measurement and the corresponding 
fit, a set of Maker fringe measurements is performed, see Figure C.2. The fitting 
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results vary by less than 1% for consecutive measurements. Therefore it can be 
assumed that the calibration technique does not introduce any significant error. 

6.5 Conclusions 

In conclusion, two different thin film χ(2) measurement methodologies, their 
corresponding calibration techniques and underlying theoretical models are 
described and the most important sources of errors are identified. The 
techniques are tested with two similar ABC-type nanolaminates grown by ALD 
on glass substrates, fabricated by two independent groups from UGent and KIT. 

The UGent methodology takes into account the interference from the backside 
of the substrate and it even exploits this for calibration purposes. During a 
measurement, the sample needs to be rotated, and thus care must be taken when 
aligning the sample such that it stays in the laser focus. Currently, the main 
source of error in the UGent method is related to the setup rather than the 
theoretical model, namely the systematic error on the incidence angle. The 
obtained χ(2) values and associated overall error margins are 

( )ITA    1.0 0.2 pm/ Vzzzχ = ±  and ( )ITA
sum     0.21 0.05 pm/ Vχ = ±  for the ITA sample. For 

the HTA sample we have ( )HTA     0.7 0.3 pm/ Vzzzχ = ±  and 
( )HTA

sum     0.60 0.08 pm/ Vχ = ± . These overall error margins include the error listed 
in Table 6.1 and the error introduced by curve fitting. By improving the 
sensitivity of the current setup, the off-diagonal tensor elements could be 
identified separately. This could also allow to focus the beam more loosely, 
which eases the alignment and leads to a reduced error on the angle. 

The KIT technique for χ(2) determination is very robust against misalignment 
between the sample and the fundamental beam, since the sample is not moved 
during the measurement. Additionally, the high detection sensitivity allows to 
determine the three tensor components individually. The main source of error 
is due to the fact that the KIT formalism used for the evaluation does not take 
into account interference effects of the SH waves generated in the nonlinear film 
and at the glass back surface. The deduced values and corresponding overall 
error bounds for the tensor elements are ( )HTA     0.7 0.2 pm/ Vzzzχ = ± , 

( )HTA
sum     0.73 0.04 pm/ Vχ = ±  and ( )ITA    1.2 0.1 pm/ Vzzzχ = ± , 

( )HTA
sum     0.34 0.06 pm/ Vχ = ±  for the HTA and the ITA sample, respectively. The 
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specified error bounds include the error due to interference effects, the errors 
introduced by curve fitting and the errors due to an imprecise setting of the angle 
of incidence. The interference effect, the main source of error, is reduced 
significantly if thicker samples are examined or if samples with higher 
nonlinearity are introduced. 

Finally, we compare the χ(2) values determined with the two different 
techniques. Since, the two presented setups use lasers at different wavelengths, 
we compensate for the dispersion of χ(2) by considering Miller’s rule [214]. As 
a reference wavelength we choose the second harmonic wavelength in the KIT 
setup, i.e., 400 nm. Therefore we need to scale the tensor elements determined 
in the UGent setup by using the relation 

f

22 2
f f
2 2
f

(2) (2)
2

( (400nm) 1)( (800nm) 1)(400nm) (490nm)
( (490nm) 1)( (980nm) 1)i i
n n
n n

χ χ− −
=

− −
,  

(6.6) 

where (2)
iχ  can be χzzz or χsum. The χ(2) values at the reference wavelength of 

800 nm are summarized graphically in Figure 6.7. The values for the relevant 
tensor element χzzz determined with the different techniques match very well for 
both the ITA and HTA sample and also for the off-diagonal elements the error 
bounds overlap. It is also interesting to compare these values with previously 

Figure 6.7: Overview of the obtained χ(2) tensor elements for the 2 samples under investigation 
via the UGent measurement (blue) and the KIT measurement (red). The tensor elements 
determined in the UGent measurement are scaled according to Miller’s rule in order to fairly 
compare the values at a reference wavelength of 400nm. 
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reported values [21,22]. For the ITA sample, ref. [22] reported a value of 
( )ITA     5 2 pm/ Vzzzχ = ± , compared to a value of ( )ITA    1.0 0.2 pm/ Vzzzχ = ±  presented 

in this paper. On the one hand, this is caused by the use of a larger reference 
surface nonlinearity for the glass substrate in ref. [22] (the surface nonlinearity 
of BK7 calibrated against (2)  xyzχ  of quartz was used). Additionally, the thin film 
thickness was underestimated. Indeed, we now have measurements performed 
via electron microscopy and ellipsometry that give a thickness of 66 nm while 
the previous estimate of 50 nm was done solely by summing up the ALD 
calibrated thickness of each layer (0.7 nm × 24 × 3 = 50 nm). The remaining 
discrepancy can be explained by all the factors discussed above with a dominant 
impact of the temporal walk-off. The HTA sample reported here is nominally 
identical to the ACB sample with inverted order of growth and adapted 
thicknesses of the individual layers reported in the main text of ref. [21] for 
which a dominant χ(2) tensor element of χzzz = 0.43 pm/V can be estimated. This 
is in fair agreement with the value of ( )HTA     0.7 0.2 pm/ Vzzzχ = ±  reported here. 
The discrepancy is due to the fact that the effect of SHG from the back surface 
was not accounted for in ref. [21]. Additionally, in ref. [21] the χ(2) deduction 
was done without the reference measurement on quartz which led to an 
underestimation of χ(2). 

In summary, both χ(2) measurement techniques represent attractive alternatives 
to the traditional Maker fringe technique if thin film samples are investigated. 
For thin films generating high levels of SH power with negligible interference 
from the substrate, the KIT technique is very well suited. On the other hand, the 
UGent technique is the technique of choice when very thin and weakly 
nonlinear films are investigated, provided that a reliable measurement of the 
backside nonlinearity is available. Because of the interesting application 
perspectives of nonlinear thin films in photonic integrated circuits, the use of 
reliable χ(2) measurement techniques is of considerable importance to the 
research community. 
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6.6 Methods 

UGent sample fabrication 

The UGent ABC-type thin film is deposited through plasma-enhanced atomic 
layer deposition. The materials A, B and C are TiO2, Al2O3 and In2O3. After 
cleaning the glass substrate in O2 plasma, the deposition is done by alternating 
10 s pulses of the corresponding metal-organic precursor at a pressure of 
6.0 × 10−5 bar and O2 plasma pulses at 1.2 × 10−5 bar. The substrate temperature 
is 120 °C throughout the full deposition process. The plasma is generated at an 
RF power of 200 W and a frequency of 13.56 MHz. The precursors used for Ti, 
Al and In are tetrakis(dimethylamino)titanium 99% (Strem Chemicals P.Nr. 93-
2240), trimethyaluminium 97% (Strem Chemicals P.Nr. 93-1360) and 
tris(2,2,6,6-tetramethyl-3,5-heptanedionato)indium 99% (Strem Chemicals 
P.Nr. 49-2200). The number of cycles for each TiO2, Al2O3 and In2O3 layer 
are 12, 7 and 70. This gives individual layer thicknesses of about 0.7 nm. The 
ABC period is repeated 24 times which gives a total of 24 × (12 + 7 + 70) = 2136 
ALD cycles. 

KIT sample fabrication 

The substrates for the KIT sample are borosilicate glass of the first hydrolytic 
class with a thickness of 170 μm for SHG measurements and silicon wafers for 
ellipsometry measurements. Before deposition, the substrates are cleaned with 
acetone and dry-blown by N2. In order to limit deposition on the substrate front 
side, the back surface is covered with high temperature resistant masking tape. 
The film is fabricated by ALD using a Savannah 100 system by Cambridge 
Nanotech at a deposition temperature of 150 °C. The precursors for Al, Hf and 
Ti and O are trimethyaluminium 97% (Sigma-Aldrich P.Nr. 257222), 
tetrakis(dimethylamido)hafnium(IV) ≥99.99% (Sigma-Aldrich P.Nr. 455199), 
titanium(IV) isopropoxide 99.999% (Sigma-Aldrich P.Nr. 377996) and 
hydrogen peroxide 30% (Merck P.Nr. 107209), respectively. The reaction 
chamber is constantly flushed with 20 sccm of Ar, unless differently specified. 
Further parameters are given in Table C.1. The sample consists of 32 ABC 
macrocycles. The numbers of growth cycles for the individual layers in each 
macrocycle are 8, 8 and 12 for Al2O3, HfO2 and TiO2 corresponding to estimated 
layer thicknesses of 0.9 nm, 0.9 nm and 0.3 nm, respectively.[end of paper [J4]] 
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7 Second-order optical nonlinear 
ZnO/Al2O3 nanolaminates 

This section demonstrates a novel binary nanolaminate grown by atomic layer 
deposition using the two constituents zinc oxide (ZnO) and aluminum oxide 
(Al2O3). The Al2O3 layers serve as seed layers to tailor the ZnO crystallite 
growth, which results in best in class second-order nonlinearity for 
nanolaminates. The section is taken from a publication in Advanced Optical 
Materials [J5]. To fit the structure and layout of this thesis, it was adapted 
accordingly. Appendix D shows the associated supplementary information.  

The conceptual idea for the binary ZnO/Al2O3 nanolaminates was developed by 
Andreas Wickberg (A.W.) and Clemens Kieninger (Cl.K.). A.W. optimized the 
ALD growth parameters and fabricated the nanolaminates. A.W. and Cl.K. 
conducted the SHG experiments. Christoph Sürgers performed the XRD 
measurement. Sabine Schlabach and Xiaoke Mu conducted the STEM 
measurements. Cl.K. supported A.W. in writing the paper. All authors revised 
the paper. Christian Koos and Martin Wegener supervised the work.   

 

[start of paper [J5]] 

Second-Harmonic Generation from ZnO/Al2O3 Nanolaminate Optical 
Metamaterials Grown by Atomic-Layer Deposition 

Advanced Optical Materials, Vol. 4, Issue 8, pp. 1203–1208 (2016) 
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Karlsruhe, Germany 
5 Karlsruhe Institute of Technology (KIT), Institute of Applied Materials (IAM), 76344 
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6 Karlsruhe Institute of Technology (KIT), Institute of Nanotechnology (INT) 76344 
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Germany 
Nanolaminates composed of alternating layers of ZnO and Al2O3 are grown by 
conformal atomic‐layer deposition. Their structural and nonlinear optical 
properties are correlated. Optimized nanolaminates exhibit an effective bulk 
second‐order nonlinear optical susceptibility that is independent of the substrate 
and that is five times larger than that of potassium dihydrogen phosphate. 

7.1 Introduction 

Nonlinear optical interactions are crucial for a variety of applications ranging 
from optical frequency conversion via optical signal processing in 
telecommunications to sensing. Often, bulk crystals like lithium niobate 
(LiNbO3) or lithium triborate (LBO) can be used to achieve a large second-order 
nonlinear optical response. Unfortunately, these crystals cannot easily be 
integrated into compact optical systems or chips. A straightforward alternative 
is thin films that can be grown using conventional deposition techniques. 
Among the suitable materials, ZnO is a promising candidate and has 
consequently received considerable attention [215]. ZnO lacks centrosymmetry 
and crystallizes in the hexagonal wurtzite structure, giving rise to a second-order 
susceptibility tensor element of (2) 114.31pmVzzzχ −= −  in bulk crystals [216]. 
Additionally, it is transparent throughout the visible spectrum and shows a high 
thermal stability [217]. Thin films of ZnO have been fabricated by various 
deposition techniques ranging from dual-ion-beam sputtering to laser-assisted 
molecular-beam epitaxy. The resulting (2)χ  values have partly been even larger 
than for bulk ZnO crystals [195,197,218–226]. These publications have also 
highlighted some of the important links between the structural properties of the 
thin films and their nonlinear optical susceptibility. In the work by Cao et al., 
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thin films of ZnO were fabricated on sapphire substrates by pulsed laser  
ablation [195]. The second-order susceptibility was determined to be 

(2) 113.40pmVzzzχ −= − . Furthermore, it was shown that the second-order 
susceptibility decreases with increasing crystalline quality and with increasing 
film thickness. This finding was attributed to a strong contribution of grain 
boundaries and interfaces to the second-order susceptibility. Another group 
highlighted the strong dependence of the structural and second-order nonlinear 
properties on the deposition conditions and the choice of the substrate [197]. 
Clearly, different deposition techniques lead to different growth behavior, hence 
different structural properties and thus different nonlinear optical properties. 
Atomic-layer deposition (ALD) is a fabrication technique that is particularly 
well-suited for the needs of optical integration. ALD is CMOS-compatible and 
allows for an inexpensive and conformal deposition on a large variety of 
substrates with a precision down to a monolayer [63]. Unfortunately, ZnO 
crystallites grown by ALD seem to have properties unfavorable for a strong 
second-order nonlinear response as there is not a single publication covering 
this topic. As we will show in this publication, the weak second-order response 
can be ascribed to the random orientation of the ZnO crystallites in pure ALD-
grown ZnO thin films. In general, there are only few publications showing the 
realization of ALD-grown second-order nonlinear thin films and these are solely 
based on the idea of a strong interface-connected response [21,22]. In this 
Communication, we use the concept of nanolaminates to tune the second-order 
nonlinear properties as it has previously been demonstrated for the mechanical, 
linear optical, and also the third-order nonlinear optical properties of ALD-
grown thin films [227–229]. Using this approach, we are able to control the ZnO 
crystallite growth and thus, for the first time, achieve a strong bulk second-order 
nonlinear susceptibility in ALD-grown thin films.  

7.2 ZnO/Al2O3 nanolaminates 

The literature on ZnO thin films suggests that two key factors have to be 
controlled to maximize the second-order susceptibility in ALD-grown ZnO 
films. The first key factor is a well-defined ZnO crystallite orientation to avoid 
mutual cancellation of the contributions of neighboring misaligned crystallites. 
Without a preferential direction within a plane parallel to the substrate, the 
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substrate normal is the only extraordinary direction. Indeed, ZnO films with a 
strong nonlinear response consist of crystallites oriented with their optical axes 
(crystallographic c-axis) perpendicular to the substrate. In practice, the 
crystallite orientation is strongly influenced by the choice of the deposition 
conditions as well as by the substrate. For ALD-grown ZnO, it was shown that 
the growth of crystallites with their c-axis perpendicular to the substrate is 
greatly suppressed for deposition temperatures in the range from 155 to  
220 °C [230]. In contrast, the c-axes of the crystallites are oriented 
perpendicular to the substrate for growth temperatures in the range 220–300 °C. 
Furthermore, it was shown that a layer of amorphous Al2O3 underneath the ZnO 
layer enhances the growth of crystallites with their optical axis perpendicular to 
the substrate, while at the same time suppressing other growth directions [227]. 
The second key factor for a large second-order nonlinearity is an optimal 
crystallite size, which is also responsible for the thickness dependent 
secondorder susceptibility observed in ZnO thin films [226]. Hausmann and 
Gordon demonstrated the control of surfacee morphology and crystallite growth 
in ALD films through amorphous intermediate layers [231]. Especially, they 
showed that an Al2O3 layer with a thickness of 0.5 nm is sufficient to disrupt 
the crystallite growth between two zirconium or hafnium oxide layers. Based 
on these results, we design a nanolaminate in which a seed layer of Al2O3 is 
used underneath the ZnO film to seed a well-defined orientation of the ZnO 
crystallites. In addition, we introduce intermediate Al2O3 layers subdividing the 
ZnO film to improve the crystallite orientation throughout the entire film. At 
the same time, the intermediate layers allow us to tune the crystallite size within 
each ZnO sublayer. By systematically comparing three different sets of samples, 
we illustrate the influence that the added Al2O3 layers have on the structural 
film properties as well as on the second-order nonlinear response.  

All samples are fabricated at a deposition temperature of 250 °C. The recipes 
for the individual structures are given in terms of ALD cycle sequences. The 
ZnO crystallite orientation and size are investigated by means of θ–2θ X-ray 
diffraction (XRD). Ellipsometry measurements are used to determine the 
sample thicknesses and refractive indices. Further details on the sample 
fabrication and structural characterization are given in the Experimental 
Section 7.6. The nonlinear optical characterization is based on the measurement 
of the second-harmonic (SH) power, P2ω, generated from the samples. The films 
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are excited by a Ti:Sa femtosecond laser oscillator at a center wavelength of 
800 nm, an average power of 100 mW, a repetition rate of 80 MHz, and an 
incidence angle of 45° with respect to the surface normal. P2ω is measured with 
a photomultiplier tube after filtering out the fundamental beam. To compare 
samples with different thicknesses, we use the fact that P2ω is proportional to 
the square of the thickness d, provided that film thicknesses below the coherent 
buildup length are considered [6]. Therefore, we use P2ω/d2 as a figure of merit 
for the bulk second-order nonlinearity in our samples. 

Sample A is a pure ZnO film consisting of 700 ZnO growth cycles with an 
ellipsometrically determined thickness of 95.1 nm. In sample B, a seed layer of 
approximately 6 nm Al2O3 is grown on the glass substrate before deposition of 
ZnO. The cycle sequence is 50 × Al2O3 +350 × ZnO, leading to a total thickness 
of 73.3 nm. Sample C is a 79.7 nm thick nanolaminate, which uses the basic 
sequence of sample B, interrupted by additional intermediate Al2O3 layers. The 
sample consists of ALD 2 3   7 ZnO/ Al OM =  macrocycles on top of the seed layer, 
resulting in the overall sequence 50 × Al2O3 + 7 × (50 × ZnO + 10 × Al2O3) or 
in terms of estimated layer thicknesses 6 nm Al2O3 + 7 × (9.3 nm ZnO + 1.2 nm 
Al2O3). The cycling sequences and sample parameters are summarized in 
Table 7.1. Note that the ZnO growth per ALD cycle is much lower for the pure 
film (sample A) as compared to the growth of ZnO on a thin Al2O3 seed layer 
(sample B). We ascribe this finding to a nucleation delay of ZnO when 
deposited on a plain substrate. In contrast, ALD-deposited Al2O3 is known to 
adhere well to all kinds of substrates and grow in a stable amorphous phase. 
Furthermore, ZnO grows well on Al2O3. Therefore, the Al2O3 seed layer allows 
us to eliminate the strong influence of the substrate usually encountered in the 

Table 7.1. Summary of the sample parameters used to demonstrate the influence of 
additional Al2O3 layers on the ZnO crystallite orientation. The growth per cycle in 

the nanolaminates is estimated to be 1.9 and 1.2 Å cycle−1 for ZnO and Al2O3, 
respectively. 

 Sample A Sample B Sample C 
Cycle 

Sequence 700×ZnO 50×Al2O3+350×ZnO 50×Al2O3+7×(50×ZnO+10×Al2O3) 

Measured 
total 

thickness 
95.1 nm 73.3 nm 79.7 nm 
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growth of ZnO thin films and thereby ensures substrate-independent effective 
properties.  

The XRD measurements for the three samples are depicted in Figure 7.1(a). For 
comparison, the gray bars indicate relative intensities obtained from ZnO-
powder diffraction measurements [232]. The curve for sample A exhibits a 
strong peak at a Bragg angle of 31.8° and a smaller peak at 36.2° corresponding 
to (100) and (101) ZnO crystallite planes, respectively. These peaks show that 
the ZnO crystallites in sample A are predominantly oriented with their optical 
c-axis parallel to the substrate, leading to randomly distributed optical axis 

Figure 7.1: (a) XRD measurement showing the effect of seed and intermediate Al2O3 layers on 
the ZnO crystallite orientation and size. Sample A is a pure ALD ZnO film with 700 × ZnO 
cycles; sample B consists of a 50 cycles thick Al2O3 seed layer underneath 350 cycles of ZnO. 
Sample C is a nanolaminate structure where the sequence of sample B is complemented by 
intermediate layers, which subdivide the ZnO film, resulting in a layer stack of the form 50 × 
Al2O3 + 7 × (50 × ZnO + 10 × Al2O3). The three dominant peaks in the measurement curves are 
ascribed to ZnO crystallites with (100), (002), and (101) orientation (see the three different 
insets). The seed and intermediate Al2O3 layers have a huge impact enhancing the growth of 
crystallites with (002) orientation and the optical axis perpendicular to the substrate. At the same 
time, the intermediate layers limit the crystallite size perpendicular to the substrate, leading to a 
broadening of the (002) peak. For comparison, the gray bars indicate relative intensities obtained 
from ZnO-powder diffraction measurements [232]. (b) P2ω/d2 is normalized to the value obtained 
for sample A. This quantity is used as an indicator for the second-order bulk susceptibility of the 
three samples. The nanolaminate structure with intermediate Al2O3 layers (sample C) shows an 
increase by nearly 40 times as compared to the pure ZnO (sample A). (c) Scanning transmission 
electron image of a sample with a cycle sequence corresponding to sample C. The nanolaminate 
structure of the sample is clearly visible and shows seven macrocycles on top of the substrate 
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directions in the substrate plane. The weak peak at a Bragg angle of 34.4° 
indicates a very small amount of ZnO crystallites with (002) lattice planes 
parallel to the substrate. The picture changes completely for sample B, for which 
an Al2O3 seed layer is introduced underneath the ZnO. The XRD measurement 
shows a considerable increase of ZnO crystallites with (002) lattice planes 
parallel to substrate surface. These crystallites have their optical axes oriented 
perpendicularly to the substrate and are responsible for nonzero second-order 
susceptibility. At the same time, the intensity of the (100) Bragg reflection, 
corresponding to crystallites oriented parallel to the substrate, decreases by 
roughly one third. This structural change also manifests itself in the nonlinear 
measurements shown in Figure 7.1(b). P2ω/d2 increases more than threefold 
from sample A to sample B. The nonlinear performance can be further increased 
by introducing additional intermediate Al2O3 layers in sample C. The XRD 
measurement of sample C indicates that the ZnO crystallite growth with 
orientations of the optical axis other than perpendicular to the substrate is nearly 
completely suppressed. Additionally, the broadening of the (002) Bragg peak 
from sample B to sample C indicates a decrease in crystallite size. We estimate 
the lower limit for the crystallite size using the Scherrer equation  

00.9 ,
(2 )cos( )

λτ
θ θ

=
∆

 (7.1) 

where τ


 denotes the mean size of the crystalline domains, λ0 the X-ray 
wavelength, Δ(2θ) the full width at half maximum of the XRD peak, and θ the 
Bragg angle [233]. We deduce a change in the crystallite size from 15.1 nm in 
sample B to 8.4 nm in sample C. The calculated size of the crystallites in sample 
C is in good agreement with the actual ZnO layer thickness of 9.3 nm as 
estimated from the ALD growth per cycle. It is known that the ZnO layer 
thickness correlates with its roughness [228]. The structural changes indicated 
by the XRD measurements are correlated with the nonlinear optical 
measurements, where P2ω/d2 for sample C is 11 times larger than for sample B 
and nearly 40 times larger than sample A. These measurements demonstrate the 
anticipated structural change in the ZnO films introduced by additional seed and 
intermediate layers of Al2O3 as well as the impact of the improved ZnO 
crystallite orientation and size on the second-order nonlinear optical response. 
We further study our ZnO/Al2O3 nanolaminates in cross section using scanning 
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transmission electron microscopy (STEM). The cycle sequence of the sample 
investigated by STEM is identical to that of sample C with 10 intermediate layer 
cycles. However, it was grown on silicon rather than a glass substrate (see the 
Experimental Section 7.6). Even for these extremely thin Al2O3 intermediate 
layers, corresponding to a nominal thickness of approximately 1.2 nm, a clear 
separation of the individual ZnO layers is visible, resulting in the nanolaminate 
structure shown in Figure 7.1(c). Additional, energy-dispersive X-ray (EDX) 
maps are shown in Figure D.1, see Appendix D. The Al and Zn maps exhibit a 
modulation corresponding to the layers visible in Figure 7.1(c). As expected, 
the O signal is nearly constant within the nanolaminate.  

7.3 Optimization of growth parameters 

Furthermore, a systematic parameter variation is performed to get a deeper 
understanding of the influence of the Al2O3 layers on the generated SH power. 
Taking sample C as a starting point, we vary the thickness of the seed and 
intermediate layers as well as the thickness of the ZnO layers. As before, the 
SH power P2ω is measured and the different sample thicknesses d, estimated 
from the material growth per cycle, are taken into account by using P2ω/d2 as a 
measure for the effective second-order nonlinearity. In the first parameter 
sweep, the number of Al2O3 seed layer cycles, SALD, is varied over six samples 
with the layer sequence SALD × Al2O3 + 7 × (50 × ZnO + 10 × Al2O3). The 
experiments show an increase of P2ω for small SALD and a saturation at around 
SALD = 100 seed layer cycles, Figure 7.2(a). Again, the Al2O3 seed layer reduces 
the influence of the substrate on the ZnO and enforces an optimized crystallite 
orientation. The substrate is completely “screened” once a certain number of 
seed layer cycles is reached, leading to a saturation of P2ω. The optimal number 
of seed layer cycles SALD = 50 is determined from the maximum of P2ω/d2 versus 
SALD. In the second parameter sweep, the number IALD of intermediate Al2O3 
layer cycles is optimized by investigating samples with sequence 50 × Al2O3 + 
7 × (50 × ZnO + IALD × Al2O3). Figure 7.2(b) shows that P2ω increases rapidly 
up to IALD = 7 cycles (≈ 0.8 nm) and continues increasing more slowly for larger 
values. This indicates that a minimum number of intermediate layer cycles 
between adjacent layers is required to restart ZnO crystallite growth. This 
finding is in very good agreement with results obtained for the crystallite growth 
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in zirconium and hafnium oxide films [231]. When taking into account the 
sample thickness, we obtain an optimum bulk second-order nonlinearity for 
IALD = 10 intermediate layer cycles. Finally, we investigate the influence of the 
ZnO layer thickness and, hence, of the ZnO crystallite size, on the nonlinear 
properties. We use samples with a fixed number of 350 ZnO cycles on top of a 
seed layer of 50 Al2O3 cycles. The 350 ZnO cycles are further subdivided into 
thinner layers by inserting Al2O3 intermediate layers, forming a total number of 
350/ZALD macrocycles MALD, each built from ZALD ZnO and 10 Al2O3 cycles. 

Figure 7.2: (a) Parameter sweeps for nanolaminates based on sample C. All measurements are 
performed with a p-polarized fundamental beam with a power of 100 mW and an incidence angle 
of 45°. (a)–(c) P2ω (blue line, circles) and P2ω/d2 (red line, triangles) are measured for different 
cycle sequences. Starting from sample C, (a) the number of seed layer cycles SALD, (b) the number 
of intermediate layer cycles IALD, and (c) the number of ZnO cycles per layer ZALD in a structure 
with a fixed overall number of 350 ZnO cycles are varied to get a deeper understanding of the 
individual influence factors on the second-order susceptibility. The optimal configuration is 
determined by finding the maximum of P2ω/d2 versus ZALD. (d) P2ω for samples with the 
optimized sequence 50 × Al2O3 + M × (50 × ZnO + 10 × Al2O3). MALD is varied from 7 to 168 
macrocycles to fabricate samples with increasing thickness d. The experimental data (blue 
circles) are in excellent agreement with the theoretical calculations (red line) validating the 
effective material hypothesis. The red area is the error introduced through the different sets of 
refractive indices measured for the individual samples. 
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The samples are described by the cycle sequence 50 × Al2O3 + 350/ZALD × (ZALD 
× ZnO + 10 × Al2O3). The measurement results depicted in Figure 7.2(c) show 
an interesting behavior: P2ω is quite small for a sample that consists of 
MALD = 35 macrocycles and thin ZnO layers, each composed of only ZALD = 10 
cycles. At the same time, this is also true for a sample with MALD = 1 and a 
single thick ZnO layer made of ZALD = 350 cycles. On the one hand, the second-
order response requires that the ZnO crystallites have a certain minimum size. 
The crystallites cannot grow properly if their growth is hindered after only a 
few cycles by an intermediate Al2O3 layer. On the other hand, the size of the 
ZnO crystallites and the probability for stacking faults increases if the individual 
ZnO layers become thicker [224]. Furthermore, the crystallite alignment and the 
number of interfaces and grain boundaries decrease [226]. Each of these aspects 
leads to a decreased second-order response. The trade-off between a sufficient 
crystallite size and the advantageous contributions of grain boundaries in 
combination with a good crystallite orientation leads to an optimum number of 
50 ZnO cycles per layer.  

The repeated cycling of ZnO and Al2O3 layers on top of the seed layer should, 
in principle, ensure a fixed crystallite orientation and size throughout the entire 
material, leading to nonlinear properties that are independent of the number of 
macrocycles and the film thickness. To verify this effective-material hypothesis, 
samples with the cycle sequence 50 × Al2O3 + MALD × (50 × ZnO + 10 × Al2O3) 
and MALD = 7 to 168 macrocycles are fabricated. For small thicknesses, P2ω is 
expected to grow proportional to d2. As usual, films with a thickness 
approaching the coherent buildup length deviate from this behavior due to a 
phase-mismatch between the fundamental and SH wave. We use the refractive 
indices and sample thicknesses derived from ellipsometry measurements and 
calculate the theoretical thickness dependence of P2ω [33]. For each sample the 
set of measured refractive indices is used for the calculations, resulting in a total 
of eight curves. Afterwards, the curves are averaged and scaled with one global 
parameter to best fit the measured data. The error region is calculated from the 
deviations of the individual curves. The excellent overall agreement between 
experimental data and theoretical calculations in Figure 7.2(d) validates our 
effective-material hypothesis and, therefore, allows for an arbitrary up-scaling 
of the nanolaminate metamaterial thickness without the drawbacks usually 
encountered in other nonlinear thin films.  
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7.4 Measurement of χ(2) tensor elements 

Finally, the second-order susceptibility tensor for a nanolaminate with 
MALD = 28 macrocycles is determined following ref. [21]. The basic idea is to 
measure the s- or p-polarized SH power generated at a fixed incidence angle 
while the polarization angle of the fundamental beam is varied (for details, see 
the Experimental Section 7.6). The second-order susceptibility tensor can then 
be determined by fitting the theoretical model used in ref. [21] to the 
experimental data. To determine the reproducibility of the technique, we 
perform a total of 23 such measurements on different spots of two nominally 
identical samples. Each measurement is fitted and provides as a result a set of 
three independent tensor components. The mean values are (2) 14.0pmVzzzχ −= − , 

(2) 1,1.6pmVyyzχ −= and (2) 11.5pmVzyyχ −= , each with a relative standard deviation 
of at most 10%. A typical measurement is depicted in Figure 7.3, where the 
solid lines indicate the fitted theoretical model. It is, of course, interesting to 
compare these values to previous work on second-order nonlinear optical 
nanolaminates [21,22]. However, measured absolute values of these 
coefficients are prone to errors and should thereby be taken with a grain of salt. 
To arrive at a fair comparison, we have repeated the experiments on the 
optimum samples used in refs. [21,22], using the same experimental setup and 

Figure 7.3: Typical measured s- and p-polarized SH power P2ω from a sample with M = 28 
macrocycles for varying polarization angle φ of the incident beam. Power and incidence angle 
of the fundamental beam are fixed to 200 mW and 45°, respectively. The second-order 
susceptibility tensor elements , and  
are derived by fitting to theory and by calibration with respect to a quartz reference crystal. 
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the same fitting procedure as for the ZnO/Al2O3 nanolaminates. The sample of 
ref. [22] has kindly been provided to us by the authors. We again perform 
several measurements on each sample and obtain mean values of 

(2) 11.3pmVzzzχ −=  for the optimum sample in ref. [22], and (2) 10.8pmVzzzχ −=  for 
the best sample of ref. [21], each with a relative standard deviation of less than 
15%. Hence, despite potential inaccuracies of the absolute values of the second-
order nonlinear-optical tensor coefficients, we may conclude that binary ZnO 
nanolaminates as presented in this communication can exhibit second-order 
susceptibilities that exceed those of the ABC-type nanolaminates studied in  
refs. [21,22]. In conclusion, we have shown that nanolaminates grown with 
ALD allow us to control both ZnO crystallite size and orientation, leading to a 
strongly enhanced second-order nonlinear response. The crystallite properties 
are tuned by means of seed and intermediate Al2O3 layers. At the same time, 
these additional layers ensure effective material properties independent of the 
actual film thickness and of the substrate properties. To the best of our 
knowledge, this is the first time an ALD-grown material shows such a strong 
second-order susceptibility with (2) 14.0pmVzzzχ −= − .  

Figure 7.4: The efficient second-order nonlinear optical nanolaminates demonstrated in this 
work together with conformal coating by atomiclayer deposition (ALD) allows for the realization 
of 3D architectures that are fundamentally inaccessible via other thin-film deposition techniques 
like evaporation or molecular-beam epitaxy. (a) Scheme of a nanolaminate deposited on a 3D 
microlattice using ALD. (b) Scheme of a nanolaminate deposited on a silicon-on-insulator slot 
waveguide using ALD. The two insets on the right-hand side show magnified views of the 
nanolaminate with the optical axis of the ZnO crystallites indicated by arrows. 
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7.5 Outlook 

Finally, we believe that our approach and the highly nonlinear metamaterial 
demonstrated in this work combined with the CMOS-compatible and conformal 
deposition via ALD potentially enables novel devices, for example in the 
context of silicon photonics. Figure 7.4 illustrates the well-known fact that ALD 
enables 3D architectures that are not accessible via other deposition techniques. 

7.6 Experimental Section  

Sample Fabrication: 170 μm thick borosilicate glass and silicon wafers as 
substrates were used in this study. Prior to deposition, the substrates were 
cleaned with acetone and dry-blown with nitrogen. To avoid errors in the 
nonlinear characterization, the film growth was limited to the front side of the 
substrates by covering the back side with high temperature resistant masking 
tape. The films were deposited with a Cambridge NanoTech Savannah 100 
ALD system. Diethylzinc (Sigma-Aldrich) and deionized water were used as 
precursors for ZnO, and Al2O3 was grown from Trimethylaluminium (Sigma-
Aldrich) and deionized water. The materials were deposited at a constant Argon 
flow of 20 sccm and a deposition temperature of 250 °C. All precursors were 
kept at room temperature and opened successively for a pulse time of 15 ms. 
After each pulse, the chamber was flushed for a period of 5 s before the next 
precursor was injected.  

Ellipsometry: The nanolaminates deposited on silicon wafers substrates were 
used for ellipsometric measurements with a Sentech SE 850. The film thickness 
and the isotropic refractive index dispersion were derived using Cauchy’s 
equation to fit the data.  

X-Ray Diffraction: A D8-Discover diffractometer (Bruker AXS GmbH) with 
Cu-Kα radiation was used for the θ–2θ measurement. In the Bragg– Brentano 
θ–2θ configuration, only reciprocal-lattice vectors parallel to the surface normal 
gave rise to a signal. A quadratic baseline was subtracted from the actual data. 
The full width at half maximum of the Bragg peaks, as it was used in the 
Scherrer equation, was determined by fitting a Gaussian curve.  
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Transmission Electron Microscopy: For the STEM measurements, a sample 
deposited on a silicon wafer was prepared by cutting a cross-sectional lamella 
from the film using a Focused-Ion-Beam (FIB) system (FEI Strata 400 S). The 
initial cutting was performed with 30 kV gallium ions. The final polishing was 
done at 5 and 2 kV. A Philips Tecnai F20 ST operated at 200 kV in STEM mode 
using spot size 6, gun lens 6, an extraction voltage of 4.5 kV and a 70 μm C2 
aperture (nominal beam diameter ≈ 1 nm) was used for high-angle annular dark-
field (HAADF) STEM data acquisition. The EDX maps were acquired using an 
EDAX s-UTW EDX detector.  

χ(2) Measurement: The samples were excited using laser pulses derived from a 
Ti:Sa mode-locked oscillator operating at a repetition rate of 80.5 MHz, a full 
width at half maximum of 165 fs, and a center wavelength of 800 nm. The 
excitation power could be set by rotating a half-wave plate, followed by a 
polarizing beam-splitter cube. A wire-grid polarizer preceded by a quarter-wave 
plate was used to set the polarization of the fundamental beam impinging onto 
the sample. The laser beam was chopped to allow for lock-in detection and was 
loosely focused onto the sample to a spot radius of about 24.5 μm using a lens 
with a focal length of 200 mm. The diverging light was collimated by a lens 
with a focal length of 100 mm and filtered with a short-pass (cutoff wavelength 
700 nm) and a band-pass filter (center wavelength 400 nm, spectral width 
40 nm). Finally, the SH power was detected using a Hamamatsu R4332 
photomultiplier tube. To distinguish between s- and p-polarized SH light, a 
wire-grid polarizer was placed in the beam path between sample and 
photomultiplier.  

For determination of the χ(2) tensor components, the SH power was recorded as 
a function of the input polarization φ while the sample was excited under a 
constant angle of incidence of 45° with respect to the substrate normal and a 
mean power of 200 mW. The measured SH power could be fitted by a 
theoretical expression as described in the supplementary material of the 
publication by Alloatti et al. [21]. The measurements presented there relied on 
absolute values for the fundamental power, pulse duration, focal spot size, 
photomultiplier sensitivity, etc. These quantities could not be easily determined 
with high precision. To eliminate the associated uncertainties, this study 
switched to using a reference sample, namely a 100 μm-thick y-cut quartz plate 
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with the well-known tensor element (2) 10.6pmVxxxχ −=  [211]. In a Maker-fringe 
measurement, the quartz plate was excited using p-polarized light with a mean 
input power of 100 mW while detecting emerging p-polarized SH light [198]. 
The data were fitted to theoretical expressions given by Herman and Hayden to 
determine the specified unknown quantities [33]. In this fashion, in sharp 
contrast to a previous work [21], no absolute values were needed. In all 
calculations performed in this work, the suggestion given by Herman and 
Hayden was followed to set the Fresnel coefficient for the SH beam between air 
and nonlinear material to zero. 

[end of paper [J5]] 
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8 Summary and outlook 

8.1 Summary  

Photonic integrated circuits based on the silicon photonic (SiP) platform stand 
out due to high integration density and highly reproducible mass production 
based on sophisticated CMOS-based fabrication processes. However, silicon 
lacks second-order nonlinearities such that devices like optical frequency 
converters, ultra-fast optical gates, or Pockels-type EO modulators are not 
available in all-silicon integrated circuits. This distinct deficiency of SiP can be 
overcome by heterogeneous integration of silicon waveguide structures with 
materials that offer second-order nonlinearities.  

In this work, two material classes for heterogeneous integration were 
investigated. The first class are organic EO materials with tailored EO 
properties, geared towards ultra-high Pockels coefficients. These materials were 
combined with SiP slot waveguides to realize silicon-organic hybrid (SOH) 
modulators for optical communications. In several experimental demonstrations 
with SOH devices, new record performance parameters for EO modulators in 
terms of energy efficiency, footprint, optical insertion loss, and data rates were 
achieved. In a first set of experiments, the highly efficient organic material 
JRD1 was integrated in SOH devices. These modulators showed a record-high 
in-device EO figure of merit of n3r33 = 2300 pm/V, leading to an estimated 
Pockels coefficient of 390 pm/V and a π-voltage-length product of only 
UπL = 0.32 Vmm. In a next step, we shortened the phase-shifter sections of 
these devices from 1.5 mm to 0.28 mm to reduce the optical insertion loss 
without unduly increasing the π-voltage. The resulting low-footprint SOH 
devices featured a phase-shifter insertion loss of only 0.7 dB and were used to 
generate PAM4 signals at a symbol rate of 100 GBd using CMOS compatible 
drive voltages of roughly 0.7 Vpp. Another SOH device demonstration 
addressed the arguably biggest challenge towards industrial adoption of SOH 
modulators: Thermally induced relaxation of the poling-induced order of the 
EO chromophores. To realize long-term thermally stable SOH devices, a side-
chain EO polymer with high glass-transition temperature was used. The 
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resulting modulators were tested according to Telcordia standards for high 
temperature storage, exhibiting stable performance at 85 °C for thousands of 
hours, which marks a crucial breakthrough for SOH integration technology.  

The second class of second-order nonlinear materials investigated in this work 
are novel nanolaminate thin-films fabricated using CMOS-compatible atomic 
layer deposition (ALD). For simplicity, the thin films in this work were grown 
and characterized on planar glass slides. However, ALD is also suited to 
conformally coat optical waveguides. In addition, due to their inorganic nature, 
these materials are expected to offer excellent stability against elevated 
temperatures and high optical intensities, thus opening promising options for 
hybrid integration in future SiP circuits. A reliable measurement of the second-
order nonlinearity of these nanolaminates is a challenging task. For that reason, 
two different characterization techniques, which both rely on second-harmonic 
generation, were investigated in this work. The individual strengths and 
weaknesses of the two techniques were determined and a detailed analysis of 
error sources was conducted such that a reliable extraction of the second-order 
nonlinearity is ensured. In addition, a novel binary nanolaminate consisting of 
alternating layers of Al2O3 and ZnO was introduced. The second-order 
nonlinearity was optimized by systematic variations of the growth parameters, 
leading to a value of χ(2) = 4.0 pm/V at a wavelength of 400 nm. This already 
exceeds the value of traditional nonlinear crystals such as KDP.  

8.2 Outlook and future work 

SOH modulators 

The achieved performance parameters of the SOH modulators presented in this 
work mark important milestones towards deployment of these devices in 
practical applications outside well-controlled laboratory environments. 
However, there are still various technological obstacles which have to be 
overcome to achieve this final goal. First, the thermal stability of the organic 
EO materials needs to be improved. While long-term thermal stability at 85 °C 
was shown in this work, short-term stability at temperatures of 250 °C for tens 
of seconds are required to ensure compatibility of SOH devices with standard 
reflow soldering processes for electrical packaging. This might be achieved 
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using materials with even higher glass-transition temperatures. In addition, the 
photochemical stability of SOH modulators requires improvement. A 
straightforward approach to achieve this goal could be a hermetic encapsulation 
of the devices, which would prevent oxygen from penetrating and degrading the 
organic materials. The photochemical stability could be further improved by 
using cross linkable materials, which are less susceptible to photo-oxidation. 
These materials could additionally overcome the trade-off between high glass-
transition temperatures and ultra-large EO coefficients, thus offering great 
potential for future SOH modulators. Another area for improvement is the EO 
bandwidth of the devices. A recently developed model of the RF properties of 
the devices predicts that optimized modulator designs will result in 3 dB EO 
bandwidths in excess of 100 GHz, entirely avoiding the currently used gate 
voltage and targeting an application space that was so far only accessible by 
plasmonic devices [136], which suffer from high optical loss. 

In the near future, the SOH integration technology could also penetrate new 
applications, e.g., in the field of microwave photonics, where SOH devices 
could be employed in ultra-broadband photonic-aided RF-amplifiers. In these 
devices, a weak input electrical signal modulates an optical carrier in an Mach-
Zehnder modulator. The optical signal is amplified using an EDFA and detected 
by a broadband photodiode with large RF output power. For a large RF-gain 
and a low noise figure this system should employ an EO modulator featuring a 
small π-voltage and low optical insertion loss, which makes SOH devices 
promising candidates. 

Nanolaminates 

An important next step for the nonlinear nanolaminates investigated in this work 
would be a proof of concept of the combination with SiP circuits. For example, 
hybrid EO modulators could be realized by growing nanolaminates on a SiP 
base structure similar to the one of SOH modulators. However, in contrast to 
SOH devices, the slot waveguides should feature Si rails with different widths. 
This is required since ALD growth is conformal, resulting in simultaneous 
growth of the nanolaminate from both interfaces of the slot waveguide. A non-
vanishing Pockels effect is thus only achieved for an optical mode, which is 
asymmetric with respect to the center of the slot – this is achieved in an 
asymmetric slot waveguide.  
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Another crucial aspect for future work is the further improvement of the 
nonlinearity of the nanolaminates. Presumably an increase by up to two orders 
of magnitude is required for the technology to become attractive for practical 
applications in the field of optical communications. This is a challenging task, 
which requires systematic material screening and a thorough optimization of the 
ALD growth parameters. Considering the fairly early research stage of this 
technology in combination with the vast portfolio of materials that can be 
potentially implemented in ALD-grown nanolaminates, it is still conceivable 
that this goal can be ultimately met in a dedicated effort with material scientists. 
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A. Efficient SOH modulators with ultra-
high in-device EO activity 

The following content was published as the supplementary information to the 
journal article [J1]. To fit the structure and layout of this document, it was 
adapted accordingly.  

Clemens Kieninger, Yasar Kutuvantavida, Delwin L. Elder, Stefan Wolf, 
Heiner Zwickel, Matthias Blaicher, Juned N. Kemal, Matthias Lauermann, 
Sebastian Randel, Wolfgang Freude, Larry R. Dalton and Christian Koos, 
“Ultra-high electro-optic activity demonstrated in a silicon-organic hybrid 
modulator,” Optica, 5, 739-748 (2018). 
DOI: https://doi.org/10.1364/OPTICA.5.000739 

[start of supplementary information of paper [J1]] 

A.1 Experimental Setup for the π-voltage 
measurement 

The experimental setup for the measurement of the π-voltage Uπ of the silicon-
organic hybrid (SOH) modulator is depicted in Figure A.1. The optical carrier 
obtained from an external cavity laser (ECL) is coupled to and from the silicon 
photonics chip via grating couplers (GC) while a triangular waveform obtained 
from a function generator (FG) is fed to the SOH Mach-Zehnder Modulator 
(MZM) via microwave probes. The modulated light is detected with a 
photodiode that is connected to an oscilloscope. The oscilloscope additionally 
monitors the drive voltage applied to the MZM. The modulator is biased in its 
3 dB point and the amplitude of the triangular waveform is chosen such that the 
modulator is over-modulated. That is, the peak-to-peak drive voltage is larger 
than the Uπ of the device under test. In this case, Uπ can be directly read out on 
the oscilloscope as the voltage increment needed to drive the modulator from 
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its minimum to its maximum transmission point, see Figure 3.2(c) and (d) of 
Chapter 3.  

A.2 Optical loss of the SOH modulator 

The total fiber–to-chip coupling losses amount to 8.9 dB caused by the non-
ideal grating couplers. The on-chip loss of the MZM amounts to 8.2 dB. These 
on-chip losses can be decomposed into passive components and the loss in the 
SOH slot waveguide. The passive components include two multi-mode 
interference (MMI) couplers with losses of 0.37 dB per coupler, two optical 
mode converters at the strip-slot waveguide interfaces with losses of 0.20 dB 
per converter, and strip-waveguide insertion losses of 1.3 dB. The remaining 
5.8 dB are attributed to the SOH slot waveguide insertion losses of the 1.5 mm 
long MZM which results in a propagation loss of 3.9 dB/mm. This includes both 
scattering loss from the slot waveguide sidewalls and free-carrier absorption 
loss in the doped silicon waveguide structures. Note that dedicated test 
structures were used to determine the grating coupler losses and the losses of 
the MMI couplers and the mode converter structures. The propagation losses of 
the strip waveguide amount to 2.5 dB/cm, specified by the chip manufacturer. 

Figure A.1: Experimental setup for the π-voltage measurement. A triangular waveform obtained 
from a function generator (FG) is fed to the SOH modulator while an optical carrier obtained 
from an external cavity laser (ECL) is coupled to and from the chip via grating couplers (GC). 
The over-modulated optical signal is detected with a photodiode and an oscilloscope which also 
monitors the output of the FG. Uπ can be read out as the voltage increment needed to drive the 
modulator from minimum to maximum transmission. 
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A.3 Mathematical relations for calculating the in-
device EO figure of merit n3r33 of the SOH MZM 

The phase change φ∆   of the optical carrier in the silicon-organic hybrid (SOH) 
modulator can be written as [234] 
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where n is the refractive index of the organic electro-optic (EO) material, ε0 is 
the vacuum permittivity, c is the vacuum speed of light, L is the length of the 
phase shifter, λ0 is the wavelength of the optical carrier, r33(x,y) is the non-
uniform EO coefficient. ERF,EO(x,y) is the component of the vectorial mode field 
of the applied radio frequency (RF) field pointing in the direction of the local 
chromophore orientation, which is defined by the axis of the molecular dipole. 
Similarly, Eopt,EO(x,y) is the corresponding component of the vectorial mode 

Figure A.2: Simulation results. (a) Magnitude of the optical field  for a launched 
optical power of 20 mW. (b) Normalized magnitude of the RF field,  which 
amounts to about unity in the center of the slot, due to the normalization. Both optical and RF 
mode are tightly confined to the EO-material-filled slot region which results in efficient 
modulation. (c) cos(δ(x,y)), where δ(x,y) is the angle between field lines of the optical and the RF 
mode. Inside, as well as above and below the slot region, field lines of optical and RF field are 
parallel resulting in cos(δ(x,y)) = 1. Directly above the slabs cos(δ(x,y)) amounts to zero since the 
field lines are perpendicular. For all simulations we take into account that the slot is over-etched 
by 150 nm and we assume that the slot sidewalls are inclined by 5° with respect to the sample 
normal. We use two sets of devices in our work. They share the same slab height hslab of 70 nm 
and silicon rail height hrail of 220 nm but are different with respect to the slot width wslot which is 
measured at half the silicon rail height and amounts to 190 nm and 150 nm, respectively. 
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field of the optical carrier. The parameter P is the power of the optical mode, 
which is defined as 

opt
*

optRe{
1 ˆ dxdy. ( , ) ( , )}
2 zEP x y x yH e

 ∞ ∞

−∞ −∞
= ⋅×∫ ∫  (A.2) 

The non-uniformity of r33(x,y) is caused by the inhomogeneity of the electric 
poling field that dictates the local orientation of the chromophore dipoles. Due 
to this non-uniformity we consider here the mean value of the EO coefficient 

33slotr  in the slot region of the SOH modulator, i.e., the region between the Si 
rails. We furthermore assume a linear dependence of r33 on the poling field Epol 
and approximate the (x,y)-dependency of the static poling field by the (x,y)-
dependency of the RF mode field. This leads to 
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where pol slot
E  and RF slotE  are the mean values of the magnitude of the static 

poling field and the RF field in the slot region, respectively and ( , )x yρ  is unity 
for (x,y)-values in the EO material and zero otherwise. By using Eq. (A.3) we 
can rewrite Eq. (A.1) as 
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Since the chromophore dipole moments align along the poling field (which is 
approximated by the RF field), the component ERF,EO(x,y) is simply given by the 
magnitude of the RF field RF( , )E x y . For the corresponding component of the 
optical mode we can deduce opt,EO opt cos( ( , ))( , ) ( , )E y xx E x y yδ= , where 
δ(x,y) is the angle between field lines of the optical and the RF mode. Finally, 
we normalize the RF field by U/wslot, where U is the RF voltage which is applied 
across the SOH slot waveguide and wslot is the slot width measured at half the 
height of the silicon rails. Using these simplifications the induced phase change 
writes 
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The SOH modulator is implemented as a Mach-Zehnder modulator (MZM) 
with a ground-signal-ground (GSG) transmission line configuration realizing 
push-pull operation. Therefore, for a total phase shift of π, the phase is shifted 
by only ±π/2 in the two arms of the MZM, respectively. As a consequence, the 
mean value of the EO figure of merit in the slot region 3

33slotrn  is linked to the 
π -voltage Uπ by 
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(A.6) 

where we introduced the interaction factor Γ. The mode fields are simulated 
with the commercial software CST MICROWAVE STUDIO by using a finite 
integration method. The magnitude of the optical field for a launched power of 
20 mW is depicted in Figure A.2(a). Figure A.2(b) shows the magnitude of the 
RF field at a frequency of 20 GHz normalized by U/wslot. Since the electrical 
conductivity of the Si rails and slabs are much higher compared to the EO 
material and the lower SiO2 cladding, these components are modeled as perfect 
electric conductors. Due to the normalization, the plotted field amounts to 
approximately unity in the slot region. In close proximity to the corners of the 
rails, values of about 2 are reached, which is hardly visible in the figure. It can 
be seen that both the RF and the optical mode are tightly confined in the slot 
region, which results in highly efficient modulation. Simulation results for 
cos(δ(x,y)) are shown in Figure A.2(c). In the slot region as well as above and 
below the slot, field lines of RF and optical field are parallel resulting in 
cos(δ(x,y)) ≈ 1 whereas further left and right of the slot cos(δ(x,y)) decreases 
and becomes zero directly above and below the silicon slabs. Near the outer 
sidewalls of the rails, values of cos(δ(x,y)) ≈ -1 are found, since field lines of 
the optical and RF field are antiparallel in this region. With the simulated mode 
fields we can calculate the interaction factor Γ. Note that the slot dimensions, in 
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particular the slot width wslot, slightly influence the interaction factor. In  
Figure A.4 we plot the interaction factor Γ as a function of the slot width wslot. 
It can be seen that Γ slightly decreases with increasing wslot, due to the 
decreasing modal overlap of optical and RF mode.  

Note that the slot of the presented SOH modulators is slightly over-etched, 
generating a free volume underneath the slot, as indicated in Figure A.2. This 
was confirmed by cutting a trench perpendicular to the direction of propagation 
of the slot waveguide by using focused ion beam (FIB) milling and by 
subsequently investigating the cross section of the waveguide. We extracted an 
over-etch depth of 130 ± 20 nm. For our simulations, we assume that the 
volume caused by the over-etching is entirely filled with the organic EO 
material, and for all simulations we use an over-etch depth of 150 nm in order 
to not overestimate the calculated 3

33slotrn . Additionally, we consider in our 
model a silicon rail sidewall angle of 5° with respect to the wafer-normal 
direction. This value was obtained from transmission electron microscope 
(TEM) investigations of the cross section of similar SOH devices. In our 
simulations, we further use an increased density of mesh cells near the angled 

Figure A.3: Influence of choice of finite integration area AEO on calculated 𝑛𝑛3𝑟𝑟33����slot. Depicted is 
the normalized magnitude of the RF field  and different integration areas 
AEO are indicated by red lines. (a) The integration area AEO includes only the slot region and the 
over-etched volume. The corresponding 𝑛𝑛3𝑟𝑟33����slot would amount to 2700 pm/V, which 
overestimates the actual value. (b) 𝑛𝑛3𝑟𝑟33����slot decreases and converges to a constant value for 
growing AEO. For an integration area of width and height of wAEO = 0.9 µm and hAEO = 0.7 µm, 
respectively, the limit of 𝑛𝑛3𝑟𝑟33����slot = 2300 pm/V is reached. (c) Increasing the integration area 
over the whole displayed range doesn’t influence the calculated 𝑛𝑛3𝑟𝑟33����slot any further. 
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sidewall interfaces in order to better describe the inhomogeneity of the poling 
field in these regions.  

The numerical evaluation of the integral in Eq. (S6), in praxis, requires the 
limitation to a finite integration area AEO rather than an integration over the 
entire XY-plane. However, AEO has to be carefully selected as 3

33slotrn  is 
overestimated if AEO is chosen too small.  

In Figure A.3, the normalized magnitude of the RF field ( )RF slot( , ) / /E x y U w  
is depicted and three different integration areas AEO are indicated by the red 
lines. In Figure A.3(a) AEO extends only over the slot region and the over-etched 
region underneath the slot. Here, the calculated 3

33slotrn  would amount to 
2700 pm/V, which overestimates the actual value. This is due to the fact, that a 
considerable part of the RF and the optical mode are excluded from the chosen 
integration area AEO. For growing integration area AEO, 3

33slotrn  decreases and 
converges to a constant value of 2300 pm/V. This value can be reached by only 
moderately extending AEO with respect to the case shown in Figure A.3(a), as 
illustrated in Figure A.3(b). Here, the integration area width and height amounts 
to wAEO = 0.9 µm and hAEO = 0.7 µm, respectively. In Figure A.3(c) the 
integration area is extended over the whole displayed range. However, the 
corresponding 3

33slot 2300pm /Vn r =  does not change compared to the smaller 
integration area depicted in Figure A.3(b) since the contribution of the 
additionally included parts of the RF field and of the optical mode field is 
negligible.  

For the remainder of the document as well as in the manuscript (Chapter 3) we 
avoid the inconvenient notation 33slotr  for the mean in-device EO coefficient in 
the slot region. Instead, for the sake of readability, we simply refer to the in-
device EO coefficient r33. Note, however, that all reported values for n3r33 and 
r33 for JRD1 in Chapter 3 actually refer to 3

33slotrn  and 33slotr , respectively.  

A.4 Estimation of refractive index and in-device r33 

In principle, if the in-device refractive index n of the OEO material is known, 
the EO coefficient r33 can be calculated from the measured in-device EO figure 
of merit n3r33. Quantifying the refractive index n, however, is a challenging task 



A  Efficient SOH modulators with ultra-high in-device EO activity 

144 

due to the inherent optical anisotropy of the OEO chromophores and the 
associated birefringence. The birefringence is caused by a local alignment of 
the chromophores, which may result from externally applied poling fields or 
from interactions of chromophores with adjacent surfaces. To estimate the 
refractive index of JRD1, we prepared unpoled and poled thin-film samples and 
directly measured the birefringence using variable-angle spectroscopic 
ellipsometry (VASE) [235]. The unpoled reference sample was fabricated by 
spin coating a roughly 1 µm thick JRD1 film on an ITO-coated glass slide. 
Samples for poling are fabricated by additionally sputtering a thin film of gold 
on the JRD1 layer such that JRD1 is sandwiched between layers of ITO and 
gold, which serve as the two poling electrodes. Note that the poling field for our 
thin-film tests was limited to 100 V/µm by dielectric breakdown, which is 
smaller than the value of 450 V/µm used in SOH devices. For the VASE 
measurement, the gold top electrode is removed by an etching step using an 
iodine (I2)/potassium iodide (KI) solution after the poling process. 

The ellipsometry data was acquired using a commercially available VASE 
ellipsometer (model M-2000 by J. A. Woollam Co.) [236]. For extracting the 
refractive indices from the raw data, we use the evaluation software supplied 
with the device (CompleteEASE software version 4.81) [237], modeling JRD1 
as an anisotropic layer with refractive indices n|| and n⊥ defined in the directions 
parallel and perpendicular to the sample surface, respectively. Note that the 
indices n|| and n⊥ correspond to the coordinate system of the substrate on which 
the film is deposited and not to the index ellipsoid associated with an individual 
chromophore. The film indices n|| and n⊥ are hence distinctively different from 
the ordinary and the extraordinary molecular refractive indices no and ne of the 
chromophore. For the unpoled film we obtain n||,u = 1.85, n⊥,u = 1.76 and 
Δnu = n⊥,u−n||,u = −0.09. Note that already the unpoled sample exhibits 
significant birefringence and that the refractive index n|| in the in-plane direction 
exceeds the one measured in the surface-normal direction, n|| > n⊥. We 
attributed this phenomenon to chromophore-surface interactions, which favor 
orientation of chromophores parallel to the substrate surface, thus increasing n|| 
and decreasing n⊥. Upon poling, the birefringence reduces slightly and we 
obtain n||,p = 1.83, n⊥,p = 1.77 and Δnp = n⊥,p−n||,p = −0.06. This change is 
attributed to an increased chromophore alignment perpendicular to the interface 
induced by the poling field. The comparison between unpoled and poled thin-
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film samples indicates that the birefringence induced by chromophore-surface 
interactions is of the same magnitude as the poling-induced birefringence.  

For determining the EO coefficient r33 from the in-device EO figure of merit 
n3r33, we need to know the in-device refractive index n = nx seen by the 
dominant electric field (Ex) of the optical quasi-TE mode, see Figure A.2 for a 
definition of the coordinate system. Since a direct measurement of the 
birefringence in the slot is not possible, we rely on an estimated value of nx. In 
this context, it is important to avoid any underestimation of nx, which would 
lead to an overestimation of r33. The findings obtained from the characterization 
of birefringence in the thin film suggest that, after deposition, chromophores in 
SOH devices are predominantly aligned in the zy-plane, parallel to the slot 
sidewalls, forced by a strong influence of surface-chromophore interactions 
within the nanoscopic slot. In the slot, the influence of these interactions is even 
stronger than in our thin-film samples, and we hence expect an in-device 
refractive index nx that does not exceed the value of n⊥,u = 1.76 measured in the 
unpoled thin film. Poling of the SOH modulator leads to a re-orientation of some 
of the chromophores along the x-direction, which would increase the refractive 
index again. However, this re-orientation only affects a rather small fraction of 
the overall number of chromophores – for our highest EO activity of 
n3r33 = 2300 pm/V, the acentric order parameter amounts to 〈𝑐𝑐𝑜𝑜𝑠𝑠3𝜗𝜗〉 < 0.2. We 
may hence assume that the in-device refractive index nx is still close to the value 
of n⊥,p = 1.77 measured in the poled thin film and does very likely not exceed 
the average value of n = ½ (n||,p + n⊥,p) ≈ 1.80, which agrees well with the 
previously published “isotropic” refractive index of JRD1 of n = 1.81, which 
was obtained from an ellipsometry measurement, in which JRD1 was modeled 
as an isotropic layer [100]. To calculate r33 we therefore use the value of 
n = 1.81, which simplifies the comparison with previously published EO 
coefficients of JRD1 [100].  

Using the in-device EO figure of merit n3r33 = 2300 pm/V and the estimated in-
device refractive index of JRD1 of 1.81, we obtain r33 = 390 pm/V. Note that 
this value has to be taken with caution, since the refractive index may still be 
subject to large uncertainties.  
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A.5 Error estimation of in-device r33 and n3r33 

We identify the uncertainty of the slot width measurement and the uncertainty 
of the in-device refractive index as the two main reasons for errors in the 
reported values of r33 and n3r33. The slot widths were obtained by analyzing 70 
top-view SEM micrographs for which we estimate a measurement accuracy of 
Δw = ±10 nm. The accuracy of the in-device refractive index we estimate to 
Δn = ±0.1. Note that the inaccuracy in refractive index Δn leads to an inaccuracy 
in the interaction factor Γ, see Eq. (A.6). For the investigation of this effect, we 
plot the interaction factor Γ as a function of the refractive index n in Figure A.5. 
We can see that Γ increases with increasing n. Using the etsimated value of 
n ≈ 1.81 as a reference, and assuming Δn = ±0.1, we find for the interaction 
factor an error of ΔΓ = 0.011. Combining the above listed effects we obtain 
n3r33 = (2300±170) pm/V and r33 = (390±70) pm/V for the error bounds of the 
in-device EO figure of merit and the in-device EO coefficient, respectively. The 
relative error for n3r33 is smaller compared to the respective error of r33 since 
the uncertainty of the refractive index Δn enters the calculation for the error of 

Figure A.4: Interaction factor Γ as a function of the slot width wslot for an in-device refractive 
index of n = 1.81. Γ decreases with increasing slot width as the overlap between the optical and 
the RF mode decreases for wider slots. 
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n3r33 only indirectly via ΔΓ whereas both Δn and ΔΓ have to be considered for 
the calculation of the uncertainty of r33.  

Note that the uncertainty in slot width Δw = ±10 nm induces an additional 
uncertainty of the interaction factor Γ, see Figure A.5. However, since the 
induced relative changes are about only 1 % we neglect this effect. 

A.6 Material processing and device 
functionalization 

For applying the JRD1 chromophore to the silicon chip, the organic material is 
first dissolved in 1,1,2-trichloroethane (TCE) and stirred for 3 hours to ensure 
good mixing. For material deposition on the silicon chip, we employ a micro 
dispenser setup consisting of a glass capillary with an inner tip diameter of 
30 µm. The position of the capillary can be adjusted by a computer controlled 
3D translation stage. We rely on capillary forces to fill the needle with the 
solution. On touching the surface, the solution wets the chip over a limited 
region with a radius of about 15 µm. For functionalizing the modulators, we 

Figure A.5: Interaction factor Γ as a function of the refractive index n of JRD1 for a device with 
slot width of 190 nm. For a variation of the in-device refractive index of n = 1.81±0.1, the field 
interaction factor varies only by Γ = 0.208±0.011, corresponding to a relative change of 5 %. 
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translate the capillary along the Mach-Zehnder arms to obtain a uniform 
coverage of the silicon slot waveguides. For drying of the deposited solution, 
the chip is heated to 60 °C for 30 min. Subsequently, the device is stored in a 
high vacuum (10-4 mbar) for 12 h at room temperature in order to remove the 
remaining solvent. 

[end of supplementary information of paper [J1]] 
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B. Low-loss, small footprint SOH 
modulators for high-speed signaling 

The following content was published as the appendix to the journal article [J2]. 
To fit the structure and layout of this document, it was adapted accordingly.  

Clemens Kieninger, Christoph Füllner, Heiner Zwickel, Yasar Kutuvantavida, 
Juned N. Kemal, Carsten Eschenbaum, Delwin L. Elder, Larry R. Dalton, 
Wolfgang Freude, Sebastian Randel, and Christian Koos, “Low-loss, small 
footprint SOH modulators for high-speed signaling,” Opt. Express 28, 24693–
24707 (2020). 
DOI: https://doi.org/10.1364/OE.390315 

[start of supplementary information of paper [J2]] 

B.1 Determination of phase-shifter insertion loss 

To determine the phase-shifter insertion loss, we investigated SOH devices on 
nominally identical MZM dies from four different positions of a 200 mm wafer, 
which we label Die 1, Die 2, Die 3, and Die 4. Each die contains four 
imbalanced SOH MZM with 280 µm-long phase shifters. For each device, we 
extract the dB-values of the phase-shifter loss aPS(λi) at wavelengths λi of 
constructive interference by subtracting the attenuation of the two grating 
couplers (2aGC(λi)), the two MMI splitters (2aMMI(λi)), the strip waveguides 
(aStrip) and the two mode converters (2aConv) from the total measured attenuation 
(atot(λi)) of the respective device. Subsequently, an average of aPS(λi) over the 
set of wavelengths λi gives the mean phase-shifter loss PSa , see Chapter 4. For 
the grating couplers, the MMI splitters, and the mode converters, the 
attenuations are obtained from measurements of nominally identical reference 
structures fabricated in the same production run. The propagation loss of the 
strip waveguides is obtained from specifications of the SiP foundry. Table B.1 
summarizes the values and the standard deviations of the loss contributions 
obtained for the various building blocks. Note that these loss contributions are 
generally wavelength-dependent, which is taken into account when estimating 
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aPS(λi). For simplicity, Table B.1 only specifies the values for the loss 
contributions aMMI, aGC, and aGC,2 and the associated standard deviations at a 
fixed wavelength of 1560 nm. The losses aStrip and aConv are assumed to be 
wavelength-independent for the investigated wavelength range. For atot, we 
picked the wavelength λi of constructive interference that is closest to 1560 nm 
and indicate the used value of λi in Table B.1. 

The measurement of the grating coupler (GC) test structure is particularly 
important since the associated attenuation is by far the largest of all components. 
Due to general fabrication tolerances, there are variations in GC performance 
across the wafer, and we hence measure aGC for each die separately and use a 
test structure directly next to the respective SOH MZM. Each MZM die also 
contains a test structure for the MMI insertion loss aMMI consisting of 4, 8, and 
12 concatenated MMI couplers, which are accessed via grating couplers. A fit 
of the losses measured for these coupler sequences allows extracting the 
attenuation per coupler. This measurement also provides an additional value for 
the grating coupler attenuation aGC,2. For all MZM dies, aGC,2 and aGC agree very 
well, and the mean relative deviations of the associated dB-values do not exceed 
3 % in the investigated wavelength range. This result indicates that there is only 
little intra-die variation of the GC performance and that the losses aGC obtained 
from the GC test structure can be safely used as a reference. For measuring the 
insertion losses of the strip-to-slot converters, we use a dedicated test structure 
on a fifth die, which is obtained from the same wafer as the four MZM dies. The 
test structure comprises 2, 4, 8, and 10 concatenated pairs of strip-to-slot and 
slot-to-strip converters. A fit to the measured data gives the attenuation per 
converter. 

The error bounds for the measured attenuations aMMI, aConv, and aGC,2, are 
obtained from the least-squares fits of the associated linear model to the 
respective measurement data. For aStrip, we rely on the uncertainty specified by 
the manufacturer. The error bounds for atot and aGC correspond to a statistical 
error obtained by measuring the very same structure three times, starting the 
alignment of the fibers from independent positions.  
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Table B.1. Loss contributions obtained for the various building blocks. The losses aMMI, 
aGC, and aGC,2 are specified at the wavelength of 1560 nm. The total loss atot is specified 

at the wavelength λi of constructive interference, which is closest to 1560 nm. The 
quantity σmeas reflects the total measurement uncertainty of individual aPS(λi) taking 

into account the uncertainties of the individual loss contributions, and aPS
σ  represents 

the measured standard deviation of aPS(λi). The value specified for measσ  refers to the 
respective wavelength λi of constructive interference closest to 1560 nm. All losses are 

specified in dB.  

Die 1         

aMMI aGC aGC,2  MZM# λi (nm) atot(λi) σmeas(λi) PSPS aa σ  

0.27 ±
 0.01 

5.52 ±
 0.09 

5.48 ±
 0.06 

 1 1557 13.08 ± 0.23 0.34 0.75 ± 0.13 

 2 1554 13.63 ± 0.06 0.18 0.74 ± 0.30 

    3 1561 12.44 ± 0.24 0.30 0.48 ± 0.16 

    4 1560 12.59 ± 0.05 0.20 0.55 ± 0.08 

Die 2         

aMMI aGC aGC,2  MZM# λi (nm) atot(λi) σmeas(λi) PSPS aa σ  

0.28 ±
 0.01 

5.14 ±
 0.09 

5.01 ±
 0.04 

 1 1563 12.96 ± 0.06 0.12 1.78 ± 0.12 

 2 1561 12.81 ± 0.07 0.17 1.83 ± 0.25 

    3 1558 11.75 ± 0.08 0.18 0.41 ± 0.14 

    4 1562 11.67 ± 0.08 0.14 0.46 ± 0.07 

Die 3         

aMMI aGC aGC,2  MZM# λi (nm) atot(λi) σmeas(λi) PSPS aa σ  

0.27 ±
 0.01 

4.36 ±
 0.06 

4.21 ±
 0.05 

 1 1563 10.03 ± 0.06 0.11 0.51 ± 0.28 

 2 1563 10.21 ± 0.08 0.12 0.53 ± 0.19 

    3 1564 9.57 ± 0.05 0.10 0.03 ± 0.31 

    4 1564 9.68 ± 0.27 0.28 0.21 ± 0.32 

Die 4         

aMMI aGC aGC,2
  MZM# λi (nm) atot(λi) σmeas(λi) PSPS aa σ  

0.27 ±
 0.01 

4.93 ±
 0.02 

4.78 ±
 0.02 

 1 1554 12.12 ± 0.07 0.10 0.64 ± 0.13 

 2 1555 12.23 ± 0.10 0.14 0.70 ± 0.25 

    3 1563 11.10 ± 0.08 0.12 0.01 ± 0.36 

    4 1559 11.46 ± 0.07 0.11 0.30 ± 0.28 
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The phase-shifter losses aPS(λi) are associated with a wavelength-dependent 
measurement error σmeas, corresponding to the blue error bars in Fig. 3(a). For 
each wavelength λi, this error is determined as the root of the summed error 
squares of the various contributions according to Eq. (4.1). Note that, for 
simplicity, Table B.1 specifies σmeas only for the wavelength λi of constructive 
interference, which is closest to 1560 nm. The wavelength-averaged phase-
shifter loss PSa  along with the measured standard deviation 

PSaσ  of aPS(λi) is 
specified in the last column of Table B.1. 

B.2 State-of-the-art EO modulators  

Table B.2 gives an overview on state-of-the-art EO modulators, comparing the 
phase shifter length L, the π-voltage-length product UπL, the loss-efficiency 
product aUπL, the phase-shifter attenuation aPS, and the achieved data rates. The 
SOH modulators presented in this work (last row) stand out due to a unique 
combination of low optical loss, high modulation efficiency and small footprint, 
as well as demonstrated performance in high-speed data transmission. Small 
phase-shifter insertion loss is also offered by thin-film LiNbO3 (Row 1) [132], 
InP (Row 2) [133] or hybrid BaTiO3-based devices (Row 7) [14], but these 
modulators feature either smaller modulation efficiency [132,133] quantified by 
larger UπL-products or are limited in the demonstrated data rate [14]. Moreover, 
the SOH MZM presented in this work can be co-integrated with standard SiP 
circuits while offering better performance than conventional pn-depletion-type 
silicon modulators.  

Die 5 
aConv         

0.10 ±
 0.02         

Specified by silicon photonic foundry    

aStrip         

0.32 ±
 0.06         
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[end of supplementary information of paper [J2]] 

Table B.2. Performance metrics of state-of-the-art Mach-Zehnder and IQ 
modulators. If the reported modulation efficiency depends on the operating point of 
the device, we specify a range of values for the UπL product. In case the data rate is 

not given in the respective publication, we specify the line rate. The SOH modulators 
presented in this work (last row) stand out due to a unique combination of low optical 

loss, high modulation efficiency and small footprint, as well as demonstrated 
performance in high-speed data transmission. The associated performance 

parameters are close to those of best-in-class competing devices, indicated in bold.  

 

 
Technology Ref. 

L 
(mm) 

UπL 
(Vmm) 

aUπL 
(VdB) 

aPS 
(dB) 

Data rate 
(Gbit/s) 

Modulation 
format 

1 
Thin film 
LiNbO3 

 [132] 5 22 0.4 0.1 175 8-ASK 

2 InP  [133] 4 6 0.9 0.6 373 16QAM 

3 
Si depl. 

type  [238] 3 3.4…5.5 
8.5… 
13.8 7.5 

32 (line 
rate) OOK 

4 Si depl. 
type 

 [142] 4.8 38.4 34.4 4.3 157 PAM4 

5 Si depl. 
type  [130] 2.8 25 32.1 3.6 93 PAM4 

6 Si depl. 
type  [71] 2 4.6…9.4 5.8… 

11.9 2.5 24 (line 
rate) OOK 

7 
Si/BaTiO3 

Hybrid  [14] 1 2.3 1.3 0.6 
25 (line 

rate) OOK 

8 Si/IIIV 
Hybrid 

 [113] 0.25 0.9 3.6 1.0 32 (line 
rate) 

OOK 

9 POH  [138] 0.02 0.24 190 16 50 QPSK 

10 POH  [239] 0.025 0.13 65 12.5 333 16QAM 

11 CC-SOH  [141] 1 1.3 N/A. N/A 167 PAM4 

12 SOH  [140] 1.5 0.32 1.2 5.8 40 OOK 

13 SOH  [151] 1.5 2.2 3.7 2.5 40 OOK 

14 SOH  [152] 0.6 0.9 2.1 1.4 133 16QAM 

15 SOH 
This 
work 0.28 0.41 1.0 0.7 187 PAM4 
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C. Measurement techniques for χ(2) of 
thin-film materials based on second-
harmonic generation 

The following content was published as the supplementary information to the 
journal article [J4]. To fit the structure and layout of this document, it was 
adapted accordingly. 

Artur Hermans,* Clemens Kieninger,* Kalle Koskinen, Andreas Wickberg, 
Eduardo Solano, Jolien Dendooven, Martti Kauranen, Stéphane Clemmen, 
Martin Wegener, Christian Koos, and Roel Baets, “On the determination of χ(2) 
in thin films: a comparison of one-beam second-harmonic generation 
measurement methodologies,” Sci. Rep. 7, 1–13 (2017).  
DOI: https://doi.org/10.1038/srep44581 
*These authors contributed equally to this work. 

[start of supplementary information of paper [J4]] 

C.1 Glass reference measurement  

Figure C.1 shows a reference measurement for a blank BOROFLOAT® 33 
substrate (500 µm thickness) conducted at the Optics Laboratory, Tampere 

Figure C.1: Reference measurement Tampere University of Technology. 
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University of Technology. The horizontal axis represents the incidence angle ϑ 
(in degrees) and the vertical axis shows the SH power P2ω (in arbitrary units). 
Both the incident fundamental wave and the generated SH wave are p-polarized. 
The fitted (2)

sχ  values are χs,zzz = 43×10−22 m2/V and 
2χs,xxz + χs,zxx = 18×10−22 m2/V when referenced against quartz with known 
second-order nonlinearity 2SiO 0.6pm/ Vxxxχ = . 

C.2 Quartz crystal reference measurement  

A typical Maker fringe calibration measurement and fit of a Y-cut quartz plate 
is shown in Figure C.2. The p-polarized SH power is recorded as a function of 
the angle of incidence ϑ for p-polarized fundamental beam with an excitation 
power Pω = 100 mW. The theoretical model for the fit is also given by Eq. (6.4) 
in Chapter 6. However, it has to be noted that the quartz plate is not supported 
upon a substrate. This can be accounted for by replacing the refractive index of 
the substrate by the refractive index of air. The effective susceptibility for the 
Y-cut quartz crystal reads 

( )( )2SiOp 2 2
f,2 f, f, f,2 f, f,eff )( ) sincos( ) cos 2sin( )sin( )cos(( )xxx ω ω ω ω ω ωχ χ θ θ θ θ θ θ= −−  (C.1) 

with 2SiO 0.6pm/ Vxxxχ =  [211]. There are two free fitting parameters. The first one 
is the thickness df of the quartz plate which determines  the position of the 
individual Maker fringes. Note that fitting the thickness is a quite common 

Figure C.2: Reference measurement on Y-cut quartz plate. 
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approach in the evaluation of Maker fringe experiments [188]. The second 
fitting parameter is (spot 2 2

rep
)1 / ( )fAα τ= ∆  that is needed for the evaluation of 

Eq. (6.4) in Chapter 6. The fitting results are df = (119.486 ± 0.007) µm and 
α = (2.340 ± 0.007) 1018 m-2. For three consecutive measurements on different 
spots of the quartz plate the following mean values and corresponding standard 
deviations are obtained df = (119.24 ± 0.22) µm and 
α = (2.338 ± 0.015) 1018 m‑2. Since the standard deviations of the fitting results 
for an individual measurement, as well as for consecutive measurements are 
negligible it can be assumed that the calibration measurement itself introduces 
insignificant error on the χ(2) tensor elements of the nanolaminates. Note that 
due to the symmetry of the data relative to ϑ = 0° it can be excluded that the 
angle of incidence on the sample was calibrated incorrectly. Additionally, due 
to the good agreement between data and fit in magnitude and position of the 
individual Maker fringes it can be assumed that the quartz plate is not rotated 
out of focus during the measurement. 

C.3 Comparison of different theoretical models for 
glass substrate measurements 

Figure C.3 shows measurement and fitting for a blank BOROFLOAT® 33 
substrate with known (2)

sχ . For incidence angles larger than 70° there is a clear 
discrepancy between the fitted curve and the measurement when reflections are 
not included. When reflections are included a good fit is also obtained for the 
larger angles. We only include single reflections at the glass-air interfaces, not 
multiple reflections within the substrate (so no Fabry-Pérot type effects). See 
Ref. [204,207] for more details. 

The model without reflections is described by (see also Chapter 6)  

2 ,total 2 ,front 2 ,back
2

a-s, ,ins-a,2 s,2 s,2glass
ss,eff
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p
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with  

glass glass glass 2
s, s, s,2 s, s,2 s,s,eff

glass 2
s, s, s,2

sin(2 )cos( ) sin( )cos ( )

sin ( )sin( ),
xxz xxz

xxz

ω ω ω ω

ω ω

χ χ θ θ χ θ θ

χ θ θ

= +

+
 

 
(C.3) 

The notation is the same as in Chapter 6.  

The model with single reflections is described by 
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Here, p
-i jr  are the Fresnel reflection coefficients (for p-polarized light) 

propagating from medium i to j.  

To include temporal walk-off effects we model the laser light as 100 fs 
(FWHM) sech2 pulses 

2

2 2
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with τ∆  the FWHM pulse duration and twalk-off the walk-off time.  
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C.4 Comparison of different theoretical models for 
the ABC-type thin-film measurements 

Figure C.4 (a) shows the measurement and fitting for the ITA sample. The full 
red line is obtained using the relatively simple model described in the main 
paper. The dashed purple line is the result of fitting with a more advanced model 
that takes into account the birefringence of the nonlinear film, the multiple 
reflections inside the nonlinear thin film and the single reflections in the 
substrate, the finite thickness of the thin film and the temporal walk-off in the 
substrate. The thin film contribution is modelled according to the transfer matrix 
formalism described in [189]. The matrix formalism is implemented in 
MATLAB. Though correct and very complete, the matrix formalism is not very 
transparent and prone to coding errors. For the contribution of the back glass-
air interface we used the second term of Eq. (C.4). In the fitting we assume that 

ABC ABC ABC
sum / 3xxz zxxχ χ χ= = . This is necessary even for the advanced model. If we 

do not use this approximation, the relative uncertainties on the off-diagonal 
components can go above 100% and the results become essentially 
meaningless. By eliminating one fitting parameter, we can significantly reduce 
the uncertainty on the final results. 

Figure C.3: SH power obtained from glass substrate. Various theoretical models are used for 
fitting.  
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The fitting results are (with standard errors): ABC
sum (0.21 0.01)pm/ Vχ = ± , 

ABC (0.97 0.05)pm/ Vzzzχ = ±  and s (498.26 0.16)µmd = ± , for the simple model 
and ABC

sum (0.23 0.01)pm/ Vχ = ± , ABC (0.80 0.04)pm/ Vzzzχ = ±  and 
s (498.24 0.14)µmd = ± , for the more advanced model.  

The same procedure is repeated for the HTA sample (see Figure C.4 (b)). 

The fitting results are (with standard errors): ABC
sum (0.60 0.01)pm/ Vχ = ± , 

ABC (0.70 0.01)pm/ Vzzzχ = ±  and s (170.31 0.04)µmd = ± , for the simple model 
and ABC

sum (0.597 0.005)pm/ Vχ = ± , ABC (0.63 0.01)pm/ Vzzzχ = ±  and 
s (169.97 0.02)µmd = ± , for the more advanced model.  

The advanced model yields slightly different results, but the discrepancy is 
within the error margins (standard error and systematic error due to angular 
uncertainty). 

C.5 Interference fringes of s-polarized SH for ϕ = 45° 
in KIT setup 

Figure C.5 displays the normalized s-polarized SH power as a function of the 
angle of incidence ϑ for fixed pump polarization φ = 45° obtained from (a) the 

Figure C.4: Comparison of different theoretical models for the ABC-type thin film 
measurements. (a,b) SH power as a function of incidence angle obtained from ITA, HTA sample.  
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ITA sample and (b) the HTA sample, respectively. For this measurement 
configuration only the elements ABC

xxzχ  and glass
s,xxzχ  contribute to the SH power. 

The very pronounced interference fringes for the ITA sample can explain why 
the determined values of χxxz vary for varying angle of incidence in Table 6.2. 
On the other hand, there are only minor interference fringes for the HTA 
sample, which results in minor changes in the determined values of χxxz for the 
specific angles of incidence. 

Figure C.5: s-polarized SH power obtained from (a) the ITA sample and (b) the HTA sample. 
The input polarization is fixed at φ = 45°.  
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C.6 Interference fringes of p-polarized SH for ϕ = 0° 
in KIT setup 

Figure C.6 shows the normalized p-polarized SH power as a function of the 
angle of incidence ϑ for fixed pump polarization φ = 0°obtained from the HTA 
sample. For this measurement configuration only the elements ABC

zxxχ  and 
glass
s,zxxχ contribute to the SH power. There are no interference fringes visible for 

the HTA sample. Therefore it can be concluded that glass
s,zxxχ  is much smaller than 

ABC
zxxχ . This finding explains why the determined values for ABC

zxxχ  for the HTA 
sample do not vary depending on the angle of incidence, as listed in Table 6.2. 
Unfortunately, a corresponding measurement on the ITA sample could not be 
performed since the level of generated SH power is too close to the detection 
limit of the setup. 

Table C.1. ALD deposition parameters for the HTA sample. 

Precursor for Aluminum Titanium Hafnium Oxygen 
Temperature (°) Not heated 80 75 Not heated 

Pulse duration (s) 0.015 0.1 0.15 0.015 
Wait time after pulse (s) 20 See below 20 20 

Figure C.6: p-polarized SH power obtained from the HTA sample. The input polarization is 
fixed at φ = 0°.  
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C.7 ALD deposition parameters for the HTA sample 

The parameters used for ALD of the HTA sample are summarized in Table C.1. 
The vacuum valve was closed before the insertion of the titanium precursor and 
reopened two seconds later; subsequently the chamber was flushed for 20 s with 
100 sccm of argon. 

 

[end of supplementary information of paper [J4]] 
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D. Second-order optical nonlinear 
ZnO/Al2O3 nanolaminates 

The following content was published as the supplementary information to the 
journal article [J5]. To fit the structure and layout of this document, it was 
adapted accordingly.  

A. Wickberg*, C. Kieninger*, C. Sürgers, S. Schlabach, X. Mu, C. Koos and 
M. Wegener, "Second-Harmonic Generation from ZnO/Al2O3 Nanolaminate 
Optical Metamaterials Grown by Atomic-Layer Deposition," Adv. Opt. Mater. 
4, 1203–1208 (2016). 
DOI: https://doi.org/10.1002/adom.201600200 
*These authors contributed equally to this work. 
 

[start of supplementary information of paper [J5]] 

 

[end of supplementary information of paper [J5]] 

Figure D.1: (a) Same as panel (c) in Figure 7.1. (b-d) are elemental maps derived from STEM-
EDX measurements corresponding to the integrated signal at the Al-K (b), the Zn-K (c) and the 
O-K (d) edge. 
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F. Glossary 

F.1 List of abbreviations 

Al Aluminium 

Al2O3 Aluminum oxide 

ALD Atomic layer deposition 

AWG Arbitrary waveform generator 

BBO Beta-barium borate 

BCC Binary chromophore composite 

BCOG Binary chromophore organic glass 

BER Bit error ratio 

BP Bandpass filter 

BaTiO3 Barium titanate 

CMOS Complementary metal-oxide-semiconductor  

CW Continuous wave 

DUV Deep ultraviolet 

ECL External cavity laser 

EDFA Erbium doped fiber amplifier  

EDX Energy-dispersive X-ray 

EO Electro-optic 

ER Extinction ratio 

FG Function generator 
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FIB Focused ion beam 

FWHM Full width half maximum 

GC Grating coupler 

Ge Germanium 

GSG Ground-signal-ground 

HAADF High-angle annular dark-field 

HfO2 Hafnium oxide 

HTA HfO2/TiO2/Al2O3 

ILD Interlayer dielectric 

In2O3 Indium oxide 

InGaAsP Indium gallium arsenide phosphide 

InP Indium phosphide 

ISC Intersystem crossing 

ITA In2O3/TiO2/Al2O3 

KDP Potassium dihydrogen phosphate 

LBO Lithium triborate 

Le Lens 

LiNbO3 Lithium niobate 

LP Longpass filter 

MMA Methyl methacrylate 

MMI Multi-mode interference 

MZM Mach-Zehnder modulator 
1/3O2 Singlet/Triplet oxygen 
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OEO Organic electro-optic 

OOK On-off keying 

OPO Optical parametric amplifier 

PAM Pulse-amplitude modulation 

PBSC Polarizing beam-splitter cube 

PD Photodiode 

PIC Photonic integrated circuit 

PMT Photomultiplier tube 

POH Plasmonic-organic hybrid 

PVT Phenyl vinylene thiophene 

QCSE Quantum-confined Stark effect 

RF Radio frequency 

SH Second-harmonic 

SHG Second-harmonic generation 

Si Silicon 

SiP Silicon photonics 

SISCAP Silicon-insulator-silicon capacitors 

SOH Silicon-organic hybrid 

SOI Silicon-on-insulator 

SP Shortpass filter 

STEM Scanning transmission electron microscopy 

TFLN Thin-film lithium niobate 

TiO2 Titanium oxide 
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TL Transmission line 

XRD X-ray diffraction 

ZnO Zinc oxide 

F.2 List of mathematical symbols  

Greek symbols 

α  Real part of propagation constant γ  

α  Optical attenuation coefficient measured in 1/mm 

α̂  Linear polarizability 

α(c) Chirp parameter 

β  Imaginary part of propagation constant γ  

β̂  First hyperpolarizability 

γ  Complex RF propagation constant 

Γ Field interaction factor 

Γ  Complex voltage reflection factor at the interface of an RF 
transmission line 

δi,j Kronecker delta 

Δτ Temporal pulse width (FWHM) 

ε Permittivity tensor 

ε0 Vacuum permittivity 

η  Impermeability tensor 

θ Propagation angle 

ϑ Angle of incidence  
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λ0 Vacuum wavelength 

µ Electric dipole moment 

τ  Time integration variable 

τ


 Mean crystallite size obtained from XRD  

φ   Phase of the optical carrier 

φ Angle of polarization; φ = 0,90 °corresponds to s-,p-
polarization 

χ(n) nth order electric susceptibility 

ω Angular frequency 

Latin symbols 

a Propagation loss measured in dB/mm  

ai  Power attenuation of component i measured in dB 

A(spot) Laser spot area 

c Vacuum speed of light 

C Capacitance 

C′  Capacitance per infinitesimal length Δz 

d Thickness of nonlinear film 

( , )D x t




 Electric displacement field 

( , )D x


 ω  Complex amplitude of electric displacement field 

( , )E x t




 Electric field 

( , )E x


 ω  Complex amplitude of electric field 

frep Repetition rate of pulsed laser 
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ĝ  Lorentz–Onsager local field factor 

G Conductance 

G′  Conductance per infinitesimal length Δz 

IALD Number of intermediate Al2O3 ALD growth cycles 

k0 Vacuum wavenumber 

L Phase-shifter length 

L


 Inductance 

L


′  Inductance per infinitesimal length Δz 

MALD Number of ALD macrocycles 

n Refractive index 

P Power 

( , )x t




  Electric polarization 

( , )x


 ω  Complex amplitude of electric polarization 

Q Quality factor 

r  Electro-optic tensor 
s/p
-i jr  Fresnel reflection coefficient from medium i to j for s/p-

polarization 

R Resistance 

R′  Resistance per infinitesimal length Δz 

SALD Number of Al2O3 ALD seed layer growth cycles  

t Time 
s/p
-i jt  Fresnel transmission coefficient from medium i to j for s/p-

polarization 

Tg Glass-transition temperature 
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U Voltage 

Uπ π-voltage of an MZM 

w Electrode spacing 

x  Space 

Z  Complex impedance 

ZALD Number of ZnO ALD growth cycles  
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